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I. PURPOSE 

The purpose of t h i e  contract  waa t o  obtain bas ic  design data 

which would allow the construction of a zinc s i l v e r  oxide cell capable of 

ac t iva ted  stand periods and recharge a b i l i t i e s  as follows: 

A. Stand period (o r  useful l i f e )  - t h i r t y  days 

B. Stand Temperature - 90°F 
C. Cycle Capabili ty - six cycles in t h i r t y  days 

1. 

2. 

Battery voltage during discharge - 28 f 2.0 vo l t s  

(1.40 f 0.10 vol t s  per  cell) 

Five cycles removing 25% depth 

A f i n a l  discharge of 100% capacity 

D. 

- 1 -  
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11. ABSTRACT 

Development work has been directed toward the design of an 

improved silver oxide-zinc battery of limited cycle life. 

has been thirty day activated stand at +90°F, during which time five partial 

discharges and one full discharge are conducted. Toward this end, phases 

of study have dealt with improved materials formulation, ratio of materials, 

electrolyte additives and effects of cell group "compactness" and volume 

of electrolyte. 

experiments has been emphasized. 

A specific goal 

Whenever practical, the use of full or fractional designed 

Approximately three hundred test cells have been subjected to 

cycle regimes of one month duration. 

in studies at improved material formulation. A prototype cell design in- 

cluding silver grid (both positive and negative), a decreased silver-zinc 

ratio, decreased material apparent densities, slightly less electrolyte and 

a more compact cell group has been evaluated. 

cycle life goal has been attained, along with an increase in cell capacity 

of approximately twenty Per cent. This comprises an extension of activated 

life from seventy-two hours to approximntcly one mnth, with the addition of 

A larger number of test cells were used 

It is indicated that the 

five cycles of 

no degradation 

twenty-five per cent dqth. 

in discharge voltage characteristics. 

This has been accomplished with 

- 2 -  
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111. FACTUAL DATA AND DISCUSSION 

A. Separator Evaluation 

1. General 

Emphasis on evaluat ion o f  and improvements upon separa tor  

systems has been industry wide in recent years. 

involving optimization of separator  systems f o r  s p e c i f i c  appl icat ions as 

w e l l  as bas i c  separa tor  materials have been common, i n  some cases involving 

dupl ica t ion  of e f fo r t s .  

As a r e s u l t ,  s tud ies  

During the  extended contract  period, no fundamental separator  

s tud ie s  were ca r r i ed  out. 

comparative bas i s  during the  f i r s t  contract  year. 

previously reported i n  tietaii !l), ine:iidsd meaeuzeEenta af e l e c t r i c a l  

r e s i s t ance ,  speed of wetting and comparative absorbencies and r e su l t ed  i n  

a separa tor  system of improved capacity r e t en t ion  cha rac t e r i s t i c s .  

A number of materials had been evaluated on a 

This phase of study, 

There is no lack  of t es t ing  procedures o r  evaluat ion methods. 

Cooper and Fle i scher  (*) have edited a co l l ec t ion  of such screening procedures. 

Some of the  more recent  s tud ie s  have extended the  mathematical approach t o  

include t o r t u o s i t y  ca lcu la t ions  for membranous mater ia ls .  This refinement 

abandons the  overs impl i f ica t ion  of p a r a l l e l  cy l ind r i ca l  pores and may serve 

t o  expla in  why the  r e s i s t ance  of a m u l t i l a y e r  membranous system does not 

appear t o  be a s t r i c t l y  linear function of the  number of layers.  

ance of two layers  of cellophane, for instance,  may be af fec ted  by a mis- 

match of surface pore openings. 

might be heightened i f  cell group compression is such t h a t  membrane swelling 

is l imited.  

The resist- 

In ac tua l  cell construction, the  e f f e c t  

There is increased agreement ( 3 , 4 )  t h a t  separa tors  r e t a rd  s i l v e r  

migrat ion by reac t ing  with soluble species  of  silver, implying 8 "built- in" 

- 3 -  



I* 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

f a i l u r e  mode of separator  degradation. 

dendr i t i c  growths has a l s o  been studied i n  r e l a t i o n  t o  pene t ra t ion  of mem- 

branous systems. (5,6) 

Effec ts  of z inc  deposi t ion and/or 

There remain a number of var iab les  i n  cell design, however, which 

cause a need f o r  optimization of separator systems f o r  the  various cell de- 

signs. 

causing variance in "free" e l ec t ro ly t e  during cycle  places  c e r t a i n  burdens 

on the  separator  absorbency. 

ta ined within the  cell element, y e t  the absorbency of the  separator  system 

should be such that e l e c t r o l y t e  is avai lable  t o  t he  a c t i v e  materials. 

c e l l s  of various rate c a p a b i l i t i e s  constructed i n  a cormon case dimension 

frequent ly  employ d i f f e r e n t  p l a t e  thickness. This implies varying thick-  

ness values f o r  "wicking" absorbent separators  i f  similar wetting character-  

i s t i c s  are t o  be obtained. 

The f a c t  that the  e l ec t ro ly t e  p a r t i c i p a t e s  i n  the  c e l l  react ion,  

It is des i rab le  f o r  a l l  e l e c t r o l y t e  t o  be re- 

Also, 

It i s  concluded t h a t  w h i l e  a number of screening procedures may 

serve as  useful  c r i t e r i a  for  re ject ion,  the  u l t imate  test should include con- 

s t r u c t i o n  of test cells. 

2. Preliminary Design Study 

a. Object 

A few new separator  combinations were employed i n  test cells 

as described by Table No. I. 

woven absorbent mater ia l s  not previously s tud ied  under t h i s  contract .  

These cells were intended t o  evaluate  non- 

b. Procedure 

T e s t  c e l l s  were constructed with two thicknesses of 300 ce l lo -  

phane between the  pos i t i ve  and negative p l a t e s  except for C e l l  No. 2, which 

contained two wraps of low resis tance i r r a d i a t e d  tef lon.  A l l  c e l l a  contained 

- 4 -  
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2 3 & 4  

119526 Nylon EM-470 

R-3 5 -D EM-470 

11.1 0.5 

TABLENO.  I 

Separator Evaluation - Preliminary Design Study 
6 & 7  

EM-312 

EM-312 

10.1 

CELL TYPE 

Positive I'open" separator 

Negative "open" separator 

Cycle No. 1 
Discharge capacity to 1.10~ 
(ampere hours) 

Cycle No. 5 
Discharge capacity to 1.10~ 

I 

1 6 5  

419526 Nylon 

R-3 5 -D 

10.5 

11.9 * 11.8 11.5 

M-140 

M-140 

10.75 

Material Identification 

119526 Nylon - Woven Polyamide - 0.0035 inches thick 
EM-312 - "Entangled" nylon fibers with Dynel binder, - 0.0035 inches thick 
M-1406 - "Entangled" nylon fibers with Dynel binder, - 0.0025 inches thick 
R-35-D - Non-woven rayon fibers, 0.0035 inches thick 
EM-470 - Non-woven Dynel 

*his cell failed to accept recharge following the initial discharge. 

- 5 -  
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approximately th i r ty -e igh t  grams each silver and zinc. Cel l s  were ac t iva t ed  

with 1.400 s p e c i f i c  gravi ty  potassium hydroxide so lu t ion  and allowed t o  soak 

f o r  four hours, then discharged a t  a t h i r t y  ampere r a t e  t o  1.10 v o l t s  per  ce l l .  

This discharge was conducted t o  determine the  e f f e c t s  of t he  various sepa- 

r a t o r s  upon i n i t i a l  performance charac te r i s t ics .  

above 1.30 V/ce l l  is considered useful i n  these s tud ies ,  discharges were 

Although only vol tage 

ca r r i ed  fu r the r  t o  determine the  nature of the  "knee" of the  various discharge 

curves . 
Cells were then recharged a t  2.0 amperes t o  an end vol tage 

s l i g h t l y  lower than 2.0 V/cel l  - t h e  point  a t  which there  was v i s i b l e  

evidence of deposi t ion z inc  from the e l ec t ro ly t e .  Test cells were then entered 

i z t ~  d ckirged stand a t  a temperature of 90 f 2'F. Three discharges of six 

minute durat ion at a r a t e  of thgrty amperes were conducted i n  the  following 

month, a f t e r  which, each of the cells were recharged as described above. 

A t  t he  conclusion of t h i s  t h i r t y  day period, a f u l l  discharge was again 

conducted. 

3. Results 

One cell, No. 2, which contained a membrane of i r r a d i a t e d  te f lon ,  

f a i l e d  t o  accept a charge following the  i n i t i a l  discharge. Upon examination, 

it w a s  found that both s i l v e r  and zinc had penetrated the  separator  system, 

r e s u l t i n g  i n  i n t e r n a l  shorting. This apparently ind ica tes  t h a t  t h i s  mem- 

brane is microporoua r a t h e r  than semipermeable and not well su i t ed  t o  the  

s i l v e r  z inc  system. During the  f ina l  discharge,  considerable heat ing of 

the  cells was noted, as indicated by t h e  deformation of some of  the  cell 

cases. 

copper shim s tock  t o  conduct heat away from the  cells. 

I n  b a t t e r y  construction, this  e f f e c t  might be minimieed by using 

The capaci ty  of 

- 6 -  
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a l l  cells w a s  g rea te r  following the t h i r t y  day period. 

c e l l s  were charged t o  a higher state-of-charge than existed a t  the  t i m e  of 

c e l l  construction. 

charge immediately following ac t iva t ion  and preceding the  i n i t i a l  discharge. 

It is a l s o  possible  t h a t  degradation of the c e l l u l o s i c  membrane lowered 

i t s  e l e c t r i c a l  res i s tance ,  resu l t ing  in sustained vol tage a t  a higher level.  

This is t r u e  because 

This ind ica tes  the  possible  advantages of a "boost" 

Cel l s  were post  mrtemed and examined f o r  evidence of near 

f a i lu re .  It was found that s i l v e r  had penetrated t o  the  second l aye r  of 

cellophane, although the l aye r  c losest  t o  the  pos i t i ve  p l a t e  contained 

4.25 times as much s i lve r .  

g r m s ,  o r  about 5% of the  to t a l .  

rnuicated t h a t  tnese ceiis were near the  end of t h e i r  useful  active l i f e .  

Average t o t a l  s i l v e r  loss  p e r  c e l l  was 1.64 

The i n t e r n a l  appearance of the  c e l l s  

3 - 3 )  

- 7 -  
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B. Negative Material Studies 

1. Negative Material Density 

a. Object 

Material efficiency is a recognized function of porosity or 

"apparent density". 

over a range of discharge current densities. 

determining the ratio of positive and negative materials necessary for opti- 

mum performance. 

This study was carrfed out to obtain efficiency data 

These data are useful in 

b. Procedure 

Zinc plates 1 5/8" x 2", the size employed in cells for cycle 

test, were used to construct negative limited test cells. 

platen cnnteized 1.45 grams zinc per eqiiare inch, but were carefuiiy pressed 

to varying thicknesses tocbtain the desired material densities. These plates 

were discharged against excess positive material at varying current densities 

and the resulting efficiencies calculated. 

All negative 

c. Results and Conclusion 

Figure No. 1 summarizes test results. Table No. 11 lists 

calculations for a specific current density, corresponding to thirty amperes 

on a cell of the configuration used throughout this investigation. It is 

apparent that for plates of the weight investigated, efficiency increases 

with decreasing material density. 

is in the final column of Table No. 11, it is apparent that decreased quan- 

tities of negative material may result in greater volume efficiency. 

effect is most notable at apparent densities in excess of 39 gm/in3, as 

indicated by the final column of the table. 

rate referred to above, an apparent density spread of 40 - 44 gmlin3 would 

When converted to a volume basis, as 

This 

It is indicated that for the 

- 8  - 
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result in relatively good capacity control. Lower densities are prone 

to sloughing of material on cycle or prolonged stand. 

TABLE NO. If 

Effects of Apparent Density of Zinc 
Upon Discharge Efficiency 
(At rate of 0.58 amp/in2) 

Apparent Density 
(Gm/in3) 

Thickness Efficiency Capacity Capacity 
(inches) (Per Cent) (A. H.) (A.H. /milli-inch 

Thickness) 

35 0.042 51 1.98 0.047 

39 0.038 45 1.75 0.046 

44 0.034 38 1.47 0,043 

0. n79 

58 0.026 21 0.81 0.031 

1 1 L  50 0 .G6  30 1. I V  
I 

2. Zinc Plate Formation Investigation 

a. Oblect 

This study was of preliminary nature and was intended to reveal 

whether any of several possible production variables might justify further 

examinat ion. 

b. Procedure 

Variations of Eagle-Picher proprietary methods were employed. 

This procedure consists basically of electrodepositing zinc from a caustic 

mixture upon the supporting grid. To demonstrate the effects of plating 

current density, temperature, and plating interval duxation, a factorial 

experiment was initiated involving 40 trials. This trial plan conformed 

to a balanced plan established by Dr. Robert Hultquist, Oklahoma State 

- 9 -  
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University, Consultant to Eagle-Picher on Statistics. The factors and 

levels were as follows: 

Levels 

0 1 2 3 4 

Current Density (amp/in2) 0.325 0.65 --- --- --- 
Temperature (OF) 95 110 125 140 --- 
Plating Interval@finutes) 15 30 45 60 90 

Only two levels of current density were investigated because of 

equipment limitations. As in previous experiments, levels of factors were 

equally spaced whenever practical. 

ly by Table No. 111. 

The factorial series is defined specifical- 

Zinc was deposited upon expanded silver grid with interwoven 

silver wire serving as a terminal lug. 

interval indicated by Table No. 111. 

Current was impressed for the time 

The bath temperature was maintained 

by inserting the plating bath into a small laboratory oven whose temperature 

was thermostatically controlled. 

interval, the plate was removed from the plating solution, washed in flowing 

Upon completion of the specified time 

water for ten minutes, pressed at 5000 pounds pressure on a laboratory 

Carver press, then weighed. Plates were then replaced in the plating 

bath and additional metal was deposited. This procedure was followed for 

all plates until the total required time interval had elapsed - 180 minutes 
for a current density of 0.325 -/in2 or 90 minutes at 0.65 amps/in2. 

Particular emphasis was placed upon the removal of "loose" 

particles - those not physically bonded to the plate - during the rinse 
procedure. 

As an example, in the case of Trial No. 4 (plate 2-48) a 

plating current density of 0.325 amps/in2 at a bath temperature of 95'F 

-11 - 
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6 

Trial  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 

Plate No. 

2-31 
2-32 
2-47 
2-48 
2 -49 
2-33 
2-7 
2 -34 
2-8 
2-9 
2-35 
2-36 
2-50 
2-23 
2- 24 
2-37 
2-1 6 
2-38 
2-17 
2-18 
2-1 
2-2 
2 -3 
z -39 
2-40 
2 -4 
2-5 
2-6 
2-41 
2-42 
2-19 
2-20 
2-21 
2 -43 
2 -44 
2-13 
2-14 
2-15 
2-45 
2-46 

Rate 
Amp / i n  

0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.3 25 
0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.325 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 
0.65 

TABLE NO. UI 

ZINC PLATE FORMATION 

Temp . 
95 
95 
95 
95 
95 

110 
110 
110 
110 
110 
125 
125 
125 
125 
125 
140 
14 0 
14 0 
140 
140 
95 
95 
95 
95 
95 

110 
110 
110 
110 
110 
110 
125 
125 
125 
125 
140 
140 
140 
140 
140 

(OF) - - 

- 

- 
Time 
Min. 

15 
30 
45 
60 
90 
15 
30 
45 
60 
90 
15 
30 
45 
40 
90 
15 
30 
45 
60 
90 
15 
30 
45 
60 
90 
15 
30 
45 
60 
90 
15 
30 
45 
60 
90 
15 
30 
45 
60 
90 

- - 

- 

Pass 91 
wt. (@I 

2. a4 
- 

4.52 
4.63 
5.55 
7.36 
2.69 
4.63 
4.62 
5.59 
5.70 
2.64 
3.90 
4.70 
5.58 
7.33 
2.55 
3.65 
4.65 
5.99 
7.04 
2.75 
6.92 

10.12 
8.00 

11.53 
3.45 
7.35 
7.32 
7.57 

11.72 
3.51 
5.45 
7.08 
8.47 

11.33 
3.43 
5.45 
6.99 
8.35 

12.16 

ta te  for 
?ass #I* 

2.84 
2.26 
1.54 
1.39 
1.22 
2.69 
2.32 
1.54 
1.40 
0.95 
2.64 
1.95 
1.57 
1.39 
1.22 
2.55 

1.55 
1.50 
1.17 
2.75 
3.46 
3.37 
2.00 
1.92 
3.45 
3.68 
2.44 
1.89 
1.95 
3.51 
2.73 
2.36 
2.12 
1.89 
3.43 
2.73 
2.23 
2.09 
2.03 

.I nl, 
1. OJ 

Overall 
Rate 

0.056 
0.045 
0.046 
0.053 
0.044 
0.059 
0.064 
0.058 
0.079 
0.069 
0.056 
0.056 
0.054 
0.053 
0.054 
0.054 
0.051 
0.055 
0.052 
0.060 
0.094 
0.115 
0.088 
0.100 
0.099 
0.086 
0.128 
0.083 
0.103 
0.103 
0.105 
0.112 
0.104 
0.103 
0.102 
0.102 
0.102 
0.103 
0.105 
0.108 

*Rate for Pass No. 1 = (gm Zn deposited during Pass No. l/Min. f o r  Pass 
No. 1) x 15 
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was employed, the  three  p l a t ing  in te rva ls  a l t e r n a t i n g  with the  wash and press-  

ing procedure described above. 

and include ove ra l l  rate of deposit, weight gain during the  f i r s t  p l a t i n g  

i n t e r v a l  and a weighted rate f o r  the f i r s t  p l a t ing  interval r e fe r r ed  t o  the  

f irst  p l a t ing  i n t e r v a l  as a base. 

dividing the  " t o t a l  dry weight of zinc deposited" by the  t o t a l  t i m e .  

"pass ldrl.weight" was the  weight of zinc deposited i n  the  f i r s t  t i m e  in te rva l .  

The "rate of pass #1" is a weighted value compared t o  the  minimum t i m e  in- 

t e r v a l  (15 minutes) for  each group of p la tes .  

( P l a t e  2-31) the  weight of z inc  deposited was 2.84 grams for  the  15 minute 

in t e rva l ;  therefore ,  f o r  the f i f t e e n  minute i n t e r v a l  2.84 grams/i - 2.84 

gm/15 minutes. 

was 7.36 grams during a 90 minute interval.  

t h i s  y i e lds  a response of 1.22 grams per f i f t e e n  minutes. 

corrected da ta  f o r  t he  f a c t  t h a t  the current  dens i ty  and t i m e  f ac to r s  were 

not  independent. 

Responses are a l s o  l i s t e d  i n  Table No. I11 

The overa l l  rate was calculated by 

The 

For example f o r  Trial  #l, 

For T r i a l  No. 5 (Plate 2-49) the  weight of zinc deposited 

When weighted (divided by s i x )  

This treatment 

Data were analyzed by computer a t  Oklahoma S t a t e  University 

u t i l i z i n g  the  following as responses: 

a) The Pass #1 weights, 

b) 

c) 

weighed rate of deposit and 

ove ra l l  rate of zinc deposi t  

- 13 - 
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c. Analysis and Discussion 

Table Nos. IV - VI1 display the  data  as arranged f o r  ana lys i s  

of main e f f e c t s  with respect  t o  the three  responses. 

V I 1 1  - X data  are arranged f o r  t e s t ing  fo r  i n t e rac t ions  of "Temperature x 

Current Density", "Current Density x Time", and "Temperature x Time", 

respect ively.  

appropriate  table.  

I n  addi t ion,  Table Nos. 

Each ana lys i s  required the  ca lcu la t ion  ind ica ted  on the  

A summary of the  Analysis of Variance appears i n  Table No. X I .  

The 'Temperature x Current Density x Time" in t e rac t ion  was taken as a measure 

of experimental e r ror .  

Based upon the rate of z inc  deposited, i t  appears t h a t  the pre-  

f e r r ed  conditions include: 

a) 

b) l lO°F bath temperature 

c) Thi r ty  minute plat ing in t e rva l  

Current densi ty  of 0.65 amp/in2 

Data i n  Table No. Y,II 

flowing water (P la tes  2-2, 5, 9, 11, 14, 17, 20, 26 and 29). With those 

washed i n  a s t rong water spray (Plates SZ-4, 8, 18, 20, 22, 2R, 16R and 20R). 

The oxide content was found t o  vary from 9.15 t o  18.8% i n  the  former group 

and 8.49 t o  11.06% i n  the  lat ter group. 

of percentage oxide content i n  the former group was 3.40 for  a flowing water 

r i n s e  compared t o  0.26 for strong spray r inse.  

compare Zn and ZnO contents of p l a t e s  washed i n  

Further,  the standard deviat ion 

- 14 - 
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Per Cent Zinc Trial 

2-2 

2-5 

2-9 

2-11 

2-14 

2-17 

2-20 

2-26 

2-29 

X 

S* 

- 

Per Cent ZnO 

TABLE NO. fV 

ZINC PLATE FORMATION 

CHEMICAL ANALYSIS 

Calculation of Standard Deviation 

?er Cent Zinc 

84.50 

81.20 

87.60 

87.80 

90.85 

84.30 

90.36 

86.38 

85.62 

86.50 

3.86 

Per Cent ZnO 

15.50 

18.80 

12.40 

12.30 

9.15 

15.70 

9.64 

13.72 

14.38 

13.51 

3.40 

Trial 

SZ-4 

SZ-8 

SZ-18 

sz-20 

sz-22 

SZ-2R 

SZ-16R 

SZ-POR 

90 

* S = Standard Deviation 

- 15 - 

88.94 

91.05 

90.19 

89.81 

91.51 

90.71 

89.75 

89.11 

1 

90.13 

0.288 

11.06 

8.95 

9.81 

10.19 

8.49 

9.29 

10.25 

10.89 

9.87 

0.262 
I 
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TABLE NO. V - 

ANALYSIS OF VARIANCE 

ARRANGED BY TEMPERATURE 

RESPONSE = gm Zn METAL 

Trial 

1 

2 

3 

4 

5 

5 

7 

8 

9 

10 

zx 
- 
- 
X 

3 X2 

80' F 

2.84 

4.52 

4.63 

5.55 

7.36 

2.75 

6.92 

10.12 

8.00 

11.53 

64.22 

6.422 

489.71 

l l O ° F  

2.69 

4.63 

4.62 

5.59 

5.70 

3,45 

7.35 

7.32 

7.57 

11.72 

60.64 

6.064 

427.93 

Correction Factor = (245.11) 2/40 
= 1,501.97 

125OF 

2.64 

3.90 

4.70 

5.58 

7.33 

3.51 

5.45 

7.08 

8.47 

11.33 

59.99 

5.999 

421.39 

1400f Total 

2.55 

3.65 

4.65 

5.99 

7.06 

3.43 

5.45 

6.99 

8.35 

12.16 

60.26 

6.026 

434.80 

10.72 

16.70 

18.60 

22.71 

27.43 

I 13.14 

25.17 

31.51 

32.39 

46.74 

245.11 

1 

Total Sum of Squares = (Total, each response)L - C.F. 

Temperature S of S = ((64.22)2 + ... + (60.26)2/10 - C.F. 
= 271.86 

= 1.18 

- 16 - 
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11.78 
14.05 
18.66 
5.98 
9.10 

11.64 
14.34 
19.20 

245.11 

3357.9179 
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Tr ia l  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
i2 
13 
14 
15 
16 
1 7  
18 
19 
20 

ZX 
- 
X 

2 
T X  

TABLE NO. Vf 

ANALYSIS OF VARIANCE 

ARRANGED BY CURRENT DENSITY 

0.3 25 amp / in2  

2.84 
4.52 
4.63 
5.55 
7.36 
2.69 
4.63 
4,62 
5.59 
5.70 
2.64 
a an 

4,70 
5.58 
7.33 
2.55 
3.65 
4.65 
5.99 
7.04 

96.16 

4.81 

501.9066 

4 .  / w  

0.65 amp/in2 

2.75 
6.92 

10.12 
8.00 

11.53 
3.45 
7.35 
7.32 
7.57 

11.72 
3.51 
5.45 
7.08 
8.47 

11.33 
3.43 
5.45 
6.99 
8.35 

12.16 

148.95 

7.45 

1269.1493 

Correction Factor = 1,501.97 

Total Sum of Squares = 271.86 

Current Density S of S = 69.67 

- 17 - 



TABLE NO. Vf]l 

ANALYSIS OF VARIANCE 

, 2.84 

2.69 

2.64 

2.55 

2.75 

3.45 

3.51 

3.43 

23.86 

2.98 

72.324 

I 

I 
I 
I 
I 
I 
I 
I 
I 
I 

4.52 

4.63 

ARRANGED BY TIME (MINUTES) 

4.63 I 

4.62 i 
Trial 

5.59 5.70 

5.58 7.33 

1 24.90 

23.23 

24.15 

2 

3.65 

6.92 

7.35 

3 

4.65 

10.12 

7.32 

4 5.99 

8.00 

7.57 

5 

7.04 23.88 

11.53 39.32 

11.72 37.41 6 

8.35 

55.10 

6.89 

7 

12.16 36.38 

74.17 245.11 

9.27 

8 

- 
X 

15 Min. 30 Min. I 45 Min, I 60 Min. 1 90 Min. I Total 

231.7137 I 341.4771 1 291.3854 1 736.4839 1 7866.7003 
Correction Factor = 1501.97 

Total Sum of Squares = 271.86 

Time S of S = ((23.86)2 + ... + (74.17)')/8 - C. F. 
= 169.35 I 

- 18 - 
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ANALYSIS OF VARIANCE 

TEMPERATURE VERSUS CDRReNT DENSITY 

80°F 

Total 

llOOF 

Total 

135OF 

Total 

140°F 

Total 

EX 
X 
- 
gxi 2 

0.325 amp/& 

2.84 
4.52 
4.63 
5.55 
7.36 

24.90 

2.69 
4.63 
4.62 
5.59 
5.70 

23,23 

2_64 
3.90 
4,70 
5.58 
7.33 

24.15 

2.55 
3.65 
4.65 
5.99 
7.04 

23.88 

96.16 
24.04 

2313.11 

- 0.65 amp/inZ Total - 
2.75 
6.92 
10.12 
8.00 
11.53 

39.32 

3.45 
7.35 
7.32 
7.57 
11.72 

37.41 

3.51 
5.45 
7.08 
8.47 
11.33 

35.84 

3.43 
5.45 
6.99 
8.35 
12.16 

36.38 

148.95 
74.48 

5553.5805 

64.22 

60.64 

59.99 

60.26 

245.11 

15,031.4857 

Temperature x CD s of s - ( (24.90)2 + ... + (36.38)2)/5 - CF - CD ss 
Temperature SS 

= 0.52 

- 19 - 



1 
1 
I 
I 
1 
1 
I 
I 
I 

30 Min. 

4.52 
4.63 
3.90 
3.65 

16.70 

6.92 
7.35 
5.45 
5.45 

25. i 7  

I 
I 
1 
I 
I 
I 
I 
I 
1 
I 

45 Min. 

4.63 
4.62 
4.70 
4.65 

18.60 

10.12 
7.32 
7.08 
6.99 

31.51 

TABLE NO. M 

ANALYSIS OF VARIANCE 

CURRENT DENSITY VERSUS T’IME 

I 0.325 ampjin2 

Total  

0.65 amp/in2 

I 

15 Min. 

2.34. 
2.69 
2.64 
2.55 

10.12 

2.75 
3.45 
3.51 
3.43 

13.14 

23.86 

11.93 

t87.5ta 

I 

20.94 I 25.06 

912.4189 1338.8401 I 

0 Min. 

5.55 
5.59 
5.58 
5.99 

22.71 

8.00 
7.57 

8.35 

32.39 

55.10 

27.55 

-564.8462 

8.47 

~~ 

30 Min. 

7.36 
5.70 
7.33 
7.04 

27.43 

11.53 
11.72 
11.33 
12.16 

46.74 

74.17 

37. UY 

2937.0325 

2 CD x Time SS = ((10.72) + ... + (46.74)2/4 - CF - CD SS - Time SS 
= 19.19 

- 20 - 

Total  

96.16 

145.95 

1 1  
L+J. J.J. 

31,432.85 
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80°F 

Total 

llO°F 

Total  

125OF 

_Total 

14OOF 

Total  

E X i  
- x 

E Xi2 

15 Min. 

2. a4 
2.75 

5.59 

2.69 
3.45 

6.14 

2.64 
3.51 

6,15 

2.55 
3.43 

5.98 

23.86 

5.97 

142.5306 

TABLE NO. X 

ANALYSIS OF VARIANCE 

TEMPERATURE VERSUS TIME 

30 Min. 

4.52 
6,92 

11.44 

4-63 
7.35 

11.98 

3.90 
5.45 

9.35 

3.65 
5.45 

9.10 

41.87 

10.47 

444,6265 

45 Min. 

4.63 
10.12 

14.75 

4.62 
7.32 

11.94 

4.70 
7.08 

11.78 

4.65 
6.99 

11.64 

50.11 

12.53 

634.3841 

60 Min. 

5,55 
8.00 

13.55 

5.59 
7.57 

13.16 

5.58 
8.47 

14.04 

5,99 
8.35 

14.34 

55.10 

13.78 

759.8262 

90 Min. 

7.36 
11.53 

18.89 

5.70 
11.72 

17.42 

7.33 
11.33 

18.66 

7.04 
12.16 

19.20 

74.17 

18.54 

1377.1241 

Total 

64.22 

60.64 

59.99 

60.26 

245.11 

15,031.486 

- 21 - 
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I1 

0.39 

69.67 

42.34 

0.17 

0.56 

I 
1 
I 
I 
I 
1 
I 
I 
I 
I 

0.90 

162.02 

98.47 

0.40 

1.30 

Source 

To tal 

Temperature 

C. D. 

Time 

Interactions 

Temp. x C.D. 

Temp. x Time 

C.D. x Time 

qemp. x C.D. x Time 

TABLE NO. 

SUMMARY - ANALYSIS OF VARIANCE 
- 
df 

39 

3 

1 

4 

= 

3 

12 

4 

12 
__ - 

Corrected 
s of s 

271.86 

1.18 

69.67 

169.35 

0.52 

6.74 

19.19 

5.21 

Squares * 
--- I --- 

* Utilized as a measure of experimental error. 

- 22 - 

Significance 

0.005 

0.005 

--- 
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SZ-4 

SZ-8 

SZ-18 

sz-20 

TABLE NO. x n  

ZINC PLATE FORMATT9N 

CHEMICAL ANALYSIS 

~~ 

88.94 

91.05 

90.19 

89.81 

91.51 

Calculation of Standard Deviation 

uL.-LI\ 

SZ-2OR 

:rial 1 Per Cent Zn 

89.73 

89.11 

90.13 

2-2 

2-5 

2-9 

2-11 

2-14 

2-17 

2-20 

2-26 

2-29 

X 

S* 

- 

84.50 

81.20 

87.60 

87.80 

90.85 

84. 30 

90.36 

86.38 

85.62 

86.50 

3.86 

Per Cent ZnO I Trial I Per Cent Zn I Per Cent 2nO 
~ 

15.50 

18.80 

12.40 

12.30 

9.15 

15.70 

Y.W 

13.72 

14.38 

13 . 51 
3.40 

* S = Standard Deviation 

- 23 - 
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C. Electroformation of the Si lver  Pos i t ive  P la t e  

1. Object  

It is obvious tha t  any procedure which r e s u l t s  i n  increased s t a t e -  

of-charge of the ac t ive  materials a t  the  t i m e  of cell construction represents 

a poten t ia l  increase i n  ba t te ry  capacity. When c e l l s  a r e  constructed with 

s in te red  s i l v e r  p la tes ,  i t  is common for  t he  p la tes  t o  be electroformed i n  

quantity pr ior  t o  c e l l  group assembly. 

out t o  e s t ab l i sh  a process resu l t ing  i n  the m a x i m u m  state-of-charge of the 

s i l v e r  posit ive.  

A number of experiments were carr ied I 

2. General Procedure 

The s t a t e  of oxidation of the production pos i t ive  place is 

commonly measured by the weight increase (02) a t ta ined  during the e lec t ro-  

formation process, although Dirkse ('1 has s t a t ed  tha t  under ce r t a in  conditions 

of charge, oxygen may be adsorbed by the pos i t ive  p la te .  

I 
I Oxygen adsorbed 

I 
I 
I 
I 
I 
I 
I 
I 

i n  t h i s  manner is apparently released i n  the gaseous s t a t e  during discharge 

without a corresponding y ie ld  of ampere hour capacity. It is  believed, 

however, t ha t  under the constant current method of formation, the weight 

increase during charge i s  an adequate indicat ion of state-of-charge. 

is  o rd ina r i ly  expressed as a p e r  cent increase,  with a response of 14.83% 

corresponding t o  complete conversion of s i l v e r  t o  the divalent  state. 

a r i s e s  from the increase i n  molecular weight according t o  the sequence: 

2 P.g-Ag2OZ. A l l  p la tes  used in  the various series were s in te red  s i l v e r  

measuring 2 7/8 x 6 inches, Expanded s i l v e r  gr id  of 4/0 mesh served as 

the support matrix and two  20 gage s i l v e r  wires as  current  leads. Specjf ic  

weights l i s t e d  i n  the appropriate tab les  r e f e r  t o  the a c t i v e  s i l v e r  weight, 

exclusive of the mass of the  components l i s t e d  above. 

This 

This 

- 24 - 
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4" x 1/ 

Test cells consisted of the subject plate, Vexar separator, 

? mesh polypropylene) nickel sheet anodes and electrolyte. Cells 

were mounted in individual plastic cases and were series connected during 

charge. 

period of time, after which the plates were removed, washed until KDH free, 

Charge current was impressed across the test cells for the predetermined 

dried and accurately weighed. 

a. First Factorial Experiment (Fractional) 

In order to investigate possible effects of charge current density, 

temperature, plate weight and silver apparent density upon the electroformation 

process, a fractional factorial experiment was designed following Addelman's 

Plan No. 11. ("Orthogonal Maln-Effect Plans", Addelman-Kempthorne, Iowa 

State University) The plan, a 113 full factorial, utiiized twenty-seven tr ials .  

Table XI11 describes the test variables, as well as the spectfic 

test combinations for each trial. 

Approximately 250 ampere hour charge was impressed upon each 

plate during the formation process after which the individual responses were 

determined as described above. The following is a summary of test data based 

upon comparison of mean responses. Data are displayed to show effects of temp- 

erature, silver weight and silver density as collected at the three current 

densities. 

High Current Density (0.088 amp/in2) 

Temperature 

80°F 1 O O O F  120'F Mean 

Response 9.51 10.44 9.42 9.79 

Silver Wefght 

8.5 */in2 9.0 @/in2 9.5 gm/in2 Mean 

Response 9.99 9.82 9.60 9.80 
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Tr ia l  
7 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
A 

15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 

TABLE NO. XI.1 

SILVER PLATE FORMATION 

FIRST FACTORIAL EXPERIMENT (FRACTIONAL) 

- 
Temp . - 

80 
100 
120 
80 

100 
120 
80 

100 
120 
100 
120 
80 

100 
130 

80 
100 
120 
80 

120 
80 

100 
120 
80 

100 
120 
80 

100 
- 

Temperature 

C. D. 

Weight 

Density 

- 
C. D. - - 

0.022 
0.088 
0.044 
0.022 
0.088 
0.044 
0.022 
0.088 
0.044 
0.044 
0.022 
0.088 
0.044 
0,022 
0.088 
0.044 
0.022 
0.088 
0.088 
0.044 
0.022 
0.088 
0.044 
0.022 
0.088 
0.044 
0.022 - 

- 
Weight 
- 

8.5 
9.0 
9.5 
9.0 
9.5 
8.5 
9.5 
8.5 
9.0 
8.5 
9.0 
9.5 
9.0 
9.5 

8.5 
9.5 
8.5 
9.0 
8.5 
9.0 
9.5 
9.0 
9.5 
8.5 
9.5 
8.5 
9.0 - 

lensity - 
90 

110 
100 
100 
90 

110 
110 
100 
90 
90 

110 
100 
100 
90 

110 
110 
100 
90 
90 

110 
100 
100 
90 

110 
110 
100 
90 

Lee pons e 

13.2 
8.3 
9.8 

11.3 
13.0 
0.2 
7.8 

10.0 
11.6 
10.3 
12.0 
9.6 

10.6 
9.4 
7.7 
7.4 
6.3 

11.3 
12.2 
9.7 

10.2 
9.8 

13.1 
8.4 
6.2 

11.7 
10.0 

- Temperature, O F  

= Current Density 

= Sintered S i lve r  Weight, @/ in2  - Silver Apparent Density, @/in3 
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~I Silver Density 

90 gm/in3 100 gm/in3 110 -/in3 Mean 

Response 12.19 9.79 7.46 9.81 

Medium Current Density (0.044 amp/in2) 

Temper a ture 

80°F 

Response 11.47 

Silver Weight 

8.5 gm/in2 

Response 10.02 

Silver Density 

w =-!in3 
1 1  6% . v.8 

1 OOOF 120'F Mean 

9.42 9.84 10.24 

9.0 @/in2 9.5 @/in2 Mean 

10.63 10.09 10.24 

100 p/i*3 110 @/in3 Mean 

10- 66 8.78 10.36 

Low Current Density (0.022 amp/in21 

Temperature 

80'F 100' F 1 20°F Mean 

Response 10.77 9.54 9.24 9.85 

Silver Weight 

8.5 gm/in2 9.0 =/in2 9.5 @/in2 Mean 

Response 10.34 11.11 9.16 10.20 

Silver Density 

90 pm/in3 100 =/in3 110 @/in3 Mean 

Response 10.87 9.27 9.39 9.84 

More detailed tables of data relative to various test series appear in the 

Appendix. 

Subjective examination of these mean data indicates that over 

the range of levels investigated, the only clearly significant variable was 

that of material density. 
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In order to confirm this as the significant effect, it was 

decided to analyze the data by the statistical method of Analysis of Variance. 

Accordingly, data were arranged for this analysis. This arrangement appears 

in Table XIV in which the data are arranged for the determination of the 

effect of temperature; Table No. XV in which the data are arranged for the 

determination of the effect of current density; Table No. XVI in which the 

data are arranged for the determination of the effect of silver weight; and 

Table No. XVII in which the data are arranged for the determination of the 

effect of silver density. The detailed computation is shown at the bottom 

of each of the tables mentioned above. 

of a correction factor, total sum of squares, and a sum of squares for the 

Each of these required the calculation 

effect being analyzed. 

These values are summarized in Table No. XVIII, a sumanary of the 

analysis of variance. 

27 samples (trials). 

since there were three levels of each effect involved. 

residual (error) degrees of freedom are 18, by difference. 

sum of squares for each effect (Table No. XIV through XVII) was divided by 

the number of degrees of freedom to obtain a "mean squares" value for 

each. Each mean squares value was then divided by the residual (error) mean 

squares figure to yield the F test value. These F test values when compared 

to those appearing in Davies "Design and Analysis of Industrial Experiments" 

yielded the significance values shown. The only effect shown to be signifi- 

cant by this Analysis of Variance was that of the silver density. 

The total degrees of freedom are 26, since there were 

Each effect investigated has two degrees of freedom, 

Therefore, the 

The corrected 

This initial experiment lead directly to three additional 

factorial experiments in which emphasis was placed upon charge input and 

silver apparent density. These were conducted sequentially and served to 

optimize the electroformation process. 
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10.23 

8.39 

10.00 

88.24 

7786.30 

TABLE NO. X' 

SILVER PLATE FORMATION STUDY 

RESPONSES ARRANGED FOR ANALYSIS OF VARIANCE 

'I* A 4 22 * - -  311 

13.05 31.28 

11.65 27.83 

95.29 269.03 

9080.18 72,377.14 

a . 1  

Effect of Temperature 

11.58 

12.00 

9.44 

6.28 I 
12.24 

9.84 

6.18 

85.50 L xi 

(~xi)~7310.25 

Medium I Low I Total I 
8.33 13.19 

13.04 11.32 

9.97 7.80 

10.26 9.58 

31.29 

32.53 

29.35 

31.84 

I 

Correction Factor = (269.03)2 f 27 = 2680.63 

Total Sum of Squares - (Total, each response)* - CF 
= 2782 - 2680 6 102 

Temperature SS = (7310.25 + 7786.30 + 9080.18) - CF 
9 

2686.30 - 2680.63 - 5.67 
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SILVER PLATE FORMATION STUDY 

RESPONSES ARRANGED FOR ANALYSIS OF VARIANCE 

Effect of Current Density 

L L .  2- n i  Q 71 

9.84 13.05 

6.18 11.65 

%xi 88.15 92.23 

( Z X ~ ) ~  7770.42 8506.38 

I Low 1 Total I 

7.80 

12.00 

9.44 

10.00 

88.65 

29.35 

31.84 

27.70 

25.01 

32.20 

31.28 

27.83 

269.03 

7858.82 1 72,377.14 I 

Correction Factor = (269.03)2 

Total Sum of Squares = (Total, each response)* - CF 

27 = 2680.63 

= 2782 - 2680 = 102 

Current Density SS = 177.40 + 8506.38 + 7858.82) - CF 
9 

= 268.173 - 2680.63 - 1.10 
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High 

9.77 

13.04 

7.80 

9.58 

9.44 

P. 44 

10.23 

13.05 

6.18 

=xi  86.53 

G X i P  7487.44 

TABLE NO. xpr 

SILVER PLATE FORMATION STUDY 

RESPONSES ARRANGED FOR ANALYSIS OF VARIANCE 

Medium 

8.33 

11.32 

11.58 

12.00 

10.58 

11.29 

9.73 

9.84 

10.00 

94.67 

8962.41 

Effect  of S i lve r  Weight 

Low 

13.19 

8.17 

9.97 

10.26 

7.68 

6.28 

12.24 

8.39 

11.65 

87.83 

7714.11 

Total 

31.29 

32.53 

29.35 

31.84 

27.70 

25.01 

32.20 

31.28 

27.83 

269.03 

72,377.14 

Correction Factor - (269.03)2 f 27 = 2680.63 

Total  Sum of Squares = (Total, each response)2 - CF 
= 2782 - 2680 e 102 

S i lve r  W t .  SS - J7487.44 + 8962.41 + 7714.11) - CF 
9 

= 2684.99 - 2680.63 - 4.36 
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13.19 

13.04 

11.58 

10.26 

9.44 

11.29 

12.24 

13.05 

10.00 

104.09 

10,834.73 

1 TABLE NO. x a  

SILVER PLATE FORMATION STUW 

RESPONSES ARRANGED FOR ANALYSIS OF VARIANCE 

31.29 

32.53 

29.35 

31.84 

27.70 

23. Ui 

32.20 

31.28 

27.83 

269.03 

72,377.14 

Ef fec t  of Apparent Density 

8.17 

7.80 

12.00 

7.68 

7.44 

9.73 

8.39 

6.18 

= xi 75.75 

( s x ~ ) ~  5733.52 

I High I Medium 

11.32 

9.97 

9.58 

10.58 

6.28 

10.23 

9.84 

11.65 

89.22 

7960.21 

8.33 I 9.77 I 
Low 1 Total 

Correction Factor - (269.03)2 27 = 2680.63 

Total  Sum of Squares = (Total ,  each response)2 - CP 
= 2782 - 2680 - 102 

Apparent Density SS = (5733.52 + 7960.21 + 10,834.721 - CF 
- 2725.38 - 2680.63 - 44.75 

9 
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m 

df 

26 

2 

2 

2 

2 

18 

TABLE NO. XVIII 

SILVER PLATE FORMATION STUDY 

sum 01 s qs. 
(Corrected) Mean Sqs. 

102 

5.67 2.84 

1.10 0.55 

4 .36  2.18 

44.75 22.38 

45.57 2.53 

SUMMARY OF ANALYSIS OF VARIANCE 

1.12 

0.02 

0.86 

8.85 

Source 

--e 

--- 
--- 
0.005 

._ 

Total 

Temperature 

Current Density 

Silver Weight 

IS ilver Density 

Residual 

I 

Note: df  - degrees of freedom 

Significance* ?+- 

--- --- 1 

F - Variance ratio 

* Davies: "Design and Analysis of Industrial Experiments, Table C" 

F value must exceed 1.70 for significance of 0.1 
F value must exceed 3.69 for significance of 0.005 
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b. Second Fac tor ia l  Experiment (Fract ional)  

The second f r ac t iona l  f a c t o r i a l  invest igated s i l v e r  apparent 

dens i t ies  ranging from 70 - 95 @/in3 and charge inputs of from 120% t o  323% 

of t h a t  t heo re t i ca l ly  required fo r  complete conversion of the s i l v e r  mater ia l  

t o  the divalent  oxide. This decreased range of dens i t i e s  was selected i n  

view of the poor responses obtained from the higher densi ty  t r i a l s  of the  

previous t e s t  se r ies .  Increments between fac tor  leve ls  were maintained as 

I 

nearly equal as possible  and a r e  described by Table No. XM. 

response was taken as  the per cent weight increase observed during the forma- 

t i o n  process. A s  the  preliminary study indicated no s ign i f i can t  e f f e c t s  

attrib1Jtsble t o  current densi ty  over the  range invest igated,  a r a t e  of 0.088 

V h c h  super f ic ia l  p l a t e  surface a rea  was employed. 

Table No. Xu( summarizes test plan and response data  fo r  t h i s  second ser ies .  

Data were again t rea ted  by analysis of variance and comparison of means. 

In  a l l  cases, mean data were closely examined t o  preclude the erroneous 

conclusion of highly s ign i f i can t  s ing le  sets of t e s t  conditions i n  opposition 

t o  the data trend. 

Again, the  

I 

I 
1 
I The following is  a summary of mean response data. 

I 
I 

- 
Density Mean Response (z )  Overall Mean (Z:) 

70 */in3 13 . 28% 11.01% 

75 galin3 12.00% 11.01% 

80 @/in3 10.91% 11.01% 

85 @/in3 10.62% 11.01% 

Formation a t  a s i l v e r  density of 70 yielded a gain of 
2.27 percentage un i t s  over the overa l l  mean. 

Formation a t  a s i l v e r  density of 75 yielded a gain of 
0.99 percentage uni t s  over the overa l l  mean. 

Formation a t  a s i l v e r  density of 80 yielded a loss 
of 0.10 percentage units from the overal l  mean. 

Loss of 0.39 percentage un i t s  from the overa l l  mean. 
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Weight 
Gain 
18.22 
17.47 
15.66 

17.54 
16.40 
13.04 

13.99 
16.00 
12.35 

14.96 
13,83 
12.99 

11.55 
13.87 
13.41 

11.17 
12.41 
12.31 

Trial 
1 
2 
3 

4 
5 
6 

7 
8 
9 

10 

12 

- 

ii 

% 
Gain 
14.36 
13.49 
11.99 

13.31 
12.75 
9.94 

11.35 
11.99 
9.39 

11.29 
10.63 
9.95 

9.05 
10.64 
10.30 

8.80 
9.62 
9.33 

13 
14 
15 

16 
17 
18 

0 

TABLE NO. 

SILVER PLATE FORMATION STUDY 

SECOND FACTORIAL EXPERIMENT 

I 
Final 

Ag. wt. 
145.08 
146.98 
146.26 

149.36 
145.01 
144.24 

137.22 
149.42 
143.88 

147.42 
?K3. ?2 
143.56 

139.20 
144.26 
143.61 

138.03 
141.45 
144.31 

Initial 
A a .  Wt. 
126.86 
129.51 
130.60 

131.82 
128.61 
131.20 

123.23 
133 . 42 
131.53 

132.46 
139.13 
130.57 

127.65 
130.39 
130.20 

126.86 
129.04 
132.00 

Overall Mean - 11.01 
Per Cent Gain = (Wt. gain/Initial Wt.) x 100 

Silver Density: 0 = 70 gm/in3 
1 = 75 
2 = 80 
3 = 85 
4 -3 90 
5 = 95 

Per Cent Charge: 0 = 120 
1 = 156 
2 = 171 
3 = 218 
4 - 254 
5 * 323 
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Mean 

13.28 

12.00 

10.91 

10.62 

10.00 

9.25 



Density Mean Response (x) Overall Mean Czl 
90 gm/in3 10.00% 11.01% 

95 */in3 9.25% 11.01% 

Loss of 1.01 percentage units from the overall mean. 

Formation at a silver density of 95 yielded a weight increase 
of 1.76 percentage units below the overall mean. 

On the basis of simple examination of means, the lowest silver 
density investigated is to be preferred. 

Similarly, comparison of means with respect to of charge input 
is as follows: 

% Charge Mean Response (x) Overall Mean (G) (? - z) - 

120% 11.59% 11.01% +o. 58% 
156% 11.33% 11.01% +O. 32% 
171% 12.04% 11.01% +lo 03% 
218% 11.00% 11.01% -0.01% 
254% io. 56% 11.n1sn -0.45% 
3 23% 9.74% 11.01% -1.27% 

I 

I 
The above analysis indicated that a charge input of 171% of theoretical 

produced the greatest percentage weight increase on the average. The single 

trial producing the greatest percentage weight increase, however, was the 
.. 

combination of 70 */in’ density and 120% of theoretical charge input. 

This was a weight increase of 14.36% which is 3.35 percentage units above I 
the overall mean. 

variance, the pertinent calculations of which appear in the Appendix 

Table No. XX summarizes results of the analysis of 

(Tables No. XXXVI through XXXIX). These calculations confirmed the over- I 
riding importance of apparent density and served to further reduce the 

I range of interest. 

c. Third Factorial Experiment 

A third factorial experiment was designed to further investigate 

As indicated by Table XXI, 
b 

the effects of charge input and apparent density. 

- 36 - 



1. 
I 
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I 
I Source df Corrected S of S M.S. 

I 
I 

Significance 
-1 . 

TABLE No. xx 
SILVER PLATE FORMATION STUDY 

SECOND FACTORIAL EXPERIMENT 

SUMMARY ANALYSIS OF VARUNCE 

46.96 

31.25 

9.67 

6.015 

-..-- ---- -.I-- 

6.25 7.27 0.005 

1.93 2.24 0.05 

0.86 I-- 
--- 

Total 

Silver Density 

Per Cent Charge 

Residual 

17 

5 

5 

7 
~ 

df = degrees of freedom 

P I: var iance ratio 

I 
I 
I 
I 
I 
I 
I 
1 
I 
I 

From Davies' "Design and Analysis of Industrial Experiments" 

F must exceed 3.20 for 0.005 Significance 

F must exceed 2.10 for 0.05 Significance 
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Silver Density Per Cent Charge 

71 120 

t 

Initial Si1 ver 
Weight 

116- 76 

Trial 

L- 1 
2 
3 
4 
5 
6 
7 
8 
9 

H- 1 
2 
3 
4 
5 
6 
7 
8 
9 

- - 

- 

140 
160 
120 
140 I 160 
120 
14 0 
160 
120 
140 
160 
120 
140 
160 
120 
140 
160 

TABLE NO. XXf 

SILVER PLATe FORMATION STUDY 

THIRD FACTORIAL EXPERIMENT 

RESPONSES - PER CENT WEIGHT GAIN 

70 
70 
76 
75 
75 
80 
79 
80 
68 
68 
68 
75 
74 
75 
82 
79 
80 

115: 15 
116.83 
121.25 
117.95 
115.55 
115.26 
117.91 
128.24 
125.30 
124.60 
125.64 
126,52 
127.22 
127.12 
124.42 
126.69 
130.14 

Pinal S i 1  ver 
Weight 

131.90 
131.44 
131.18 
137.10 
134.50 
130.90 
129.41 
132.45 
144.24 
142.09 
142.75 
142.93 
141.90 
145.01 
141 . 96 
137.73 
142.58 
145.52 

EnEil 
Gain 

12.97 
14.15 
12.28 
13.07 
14.03 
13.28 
12.28 
12.33 
12.48 
13.40 
14.57 
13.76 
12.16 
i3.98 
11.67 
10.70 
12.54 
11.82 

Note: The original plan called for densities of 70, 75, and 80 gm/in3. 
Certain small individual deviations from this plan occurred as 
indicated by the appropriate column above. 
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which also lists responses, each of nine possible combinations were duplicated, 

giving a total of eighteen trials. 

calculations used in evaluating the data by means of analysis of variance, 

including the estimation of the significance of the variables, density and 

charge input. As indicated by Table No. XXII, the effects of both density 

and charge input upon the variability of the process were pronounced, even 

over the reduced spread of variable levels under investigation. Table NO. XLII 

reveals that the mean response of all plates having densities of 70 @din3 

was 13.5290, as compared to 11.67 and 12.03 for densities of 75 and 80 @din3, 

respectively. 

of the charge theoretically required for the conversion of all silver to the 

divalent state achieved the greatest average weight gain, 13.6W0, as compared 

tc! 12.43 and 12.54 for those receiving 120% and 160% charge inputs, respectively, 

Tables XLII - XLV (see appendix) list 

Table No. XLIII indicates that those plates receiving 1409. 

Inspection of these data indicates, therefore, that the greatest 

oxygen weight gain would be obtained under the following conditions: 

apparent density no greater than 75 */in3 and probably nearer 70 gm/in3; 

and 2) a charge input of approximately 140% of that theoretically required 

for complete conversion to the divalent state. 

1) silver 

d. Interrupted Charge Investigation 

1) Procedure 

Constant current charging procedures had been confirmed as being 

ineffective in charging dense positive plates. 

the effects of interrupting the charge process. 

liminary experiment are contained in Table No. XXIII. 

the plates were allowed to remain in the electrolyte, during which time local 

action processes might occur within the plate structure. 

ment provided some indication of increased state-of-charge resulting from the 

soak periods. 

It was decided to investigate 

Data relative to a pre- 

During the "soak", 

This initial experi- 
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TABLE NO. X 

SILVER PLATE FORMATION STUDY 

THIRD FACTORIAL EXPERIMENT 

SUMMARY ANALYSIS OF VARIANCE 

Silver Density 

e---- 

df - Degrees of freedom; F - Variance ratio 

*Davies' "Design and Analysis of Industrial Experiments" 

F value must exceed 3.20 for 0.005 significance. 
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Trial 

s-1 
s-2 
s -3 
s -4 
s-5 
S -6 
s-7 
S -8 
s -9 
s-10 
s-11 
s-12 
S-13 
E -14 
S-15 
S-16 
S-17 
5-18 

TABLE NO. IUIII 

SILVER PLATE FORMATION EXPERIMENT (FOURTH) 

Interrupted Charge Investigation 

Responses - Per Cent Weight Gain 
Level of 

Silver Density 

0 
0 
0 
1 
1 
1 
2 
2 
2 
3 
3 
3 
4 
4 
4 
5 
5 
5 

; m / d  

73 
73 
73 
78 
78 
78 
83 
83 
83 
88 
88 
88 
93 
93 
93 
98 
98 
98 

Level of 
Soak Time 

0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 

- 
Hours 

4 
8 
12 
4 
8 
12 
4 
8 
12 
4 
8 
12 
4 
8 
12 
4 
8 
12 

7 

- 

Per Cent Gain 

13.50 
14.20 
14.49 
12.16 
13.35 
12.59 
11.97 
13.26 
13.29 
11.70 
12.36 
12.08 
10.03 
12.32 
10.31. 
10.81 
10.17 
10.24 

- - 
X - 

14.06 

12.70 

12.84 

12.05 

10.87 

10.41 

- 
Experimental Procedure: 

a. Charge input of 140% that theoretically required for conversion to 

the divalent state was impressed into the sample plates. 

An open circuit "soak" of the specified duration was allowed. b. 

c. An additional 30% charge was introduced into each plate. 

d. Plates were washed, dried and the response calculated. 
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A second "soakt1 investigation was therefore carried out, in- 

volving two "soak" periods for each plate as well as increased charge input. 

Table No. XXIV contains both the plan and response data. 

equal predetermined durations occurred following 140% and 170% of the charge 

input theoretically required for complete conversion of all silver to the 

divalent state. 

Soak times of 

2) Results 

This series was the first in which the variation in density, 

though limited, did not appear to be of overriding importance in the deter- 

mination of state-of-charge attained. 

which an "oxygen pickup" or weight increase of more than 14% was observed 

with plates of 80 */in3 density. 

in plate state-of-charge and cell volume efficiency. 

It was also the first series in 

This indicates a possible improvement 

- 42 - 



I. 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

TABLE NO. V 

S Z V E R  PLATE FORMATION STUm 

FIFTH FACTORIAL EXPERZMENT 

INTERRUPTED CHARGE INVESTIGATION 

53 

54 

55 

56 

57 

C Q  
-IU 

59 

60 

*For example, 2 x 3 indicates two three-hour interruptions in the charge 

procedure. 
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D. Full C e l l  Studies 

1. Ratio of Materials 

a. Purpose 

This  study w a s  investigated t o  determine the optimum pos i t ive-  

to-negative material r a t i o  f o r  t he  cycle method being used. 

b. Procedure 

C e l l s  were constructed with seven pos i t i ve  p l a t e s  and e igh t  

negat ive p l a t e s ,  each 1 5/8" x 2". Three r a t i o s  of s i l v e r  t o  z h c  were em- 

ployed. These were 0.945:1, 1.01:l and 1.1O:l f o r  Series 111, Ser ies  I V  and 

Series V, respectively.  These r a t i o s  represent  the t o t a l  s i l v e r  and z inc  

i n  the  cells, whereas the r a t i o s  presented i n  e a r l i e r  reports  r e f l ec t ed  

@/in of these mater ia ls .  2 

c. Results 

The following t a b l e  summarizes the  r e s u l t s  of t h i s  study. 

TABLE NO. XXV 

RATIO O F  MATERIALS STUDY 

Series Ratio Ag Zn C i  (A. Et) Cf (A. H.) 

I I1 0,945: 1 13-55 14.1 

I V  1.01:l 14.5 13.9 

v 1.10: 1 14-65 12.7 

NOTE: C i  ind ica tes  i n i t i a l  mean capacity 

Cf ind ica tes  mean capacity following t h i r t y  days of cycle test-  

ing. It is evident t h a t  the  i n i t i a l  capaci ty  was grea te r  fo r  those cells hav- 

ing the l a r g e s t  amount of s i l v e r ,  while a f t e r  t h i r t y  days ac t iva ted  l i f e ,  with 

the  cycle  h i s to ry  l i s t e d  by Table Nos. XXVI-:=XVIII, those c e l l s  having the 
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I 
GROUP 11 

C E L L  NVU 

1 2 3 4 5 6 7 8 9 

1.37 1.39 , 1.35 1.36 1.36 1.36 1.36 1.36 1.38 
1.44 1.45 1.43 1.45 1.45 1.46 1.46 1.46 1.44 
12.8 13.5 13.8 13.8 13.5 14.3 14.0 13.3 13.0 

1.39 1.40 1.40 1.41 1.33 1.41 1.40 1.40 1.40 
1.41 1.42 1.43 1.43 1.38 1.43 1.43 1.43 1.43 

1.38 1.37 1.37 1.37 1.36 1.37 1.38 1.38 1.38 
1.43 1.43 1.43 1.43 1.43 1.43 1.44 1.44 1.44 

1.40 1.39 1.40 1.61 1.41 1.38 1.40 1.39 1.39 
1.43 1.43 1.43 1.43 1.43 1.42 1.42 1.44 1.43 

1.33 1.34 1.34 1.35 1.35 1.33 1.35 1.35 1.35 
1.38 1.39 1.39 1.40 1.39 1.40 1.40 1.39 1.39 

1.36 1.37 1.37 1.37 1.37 1.36 1.37 1.37 1.37 
1.40 1.41 1.42 1.41 1.41 1.41 1.41 1.41 1.41 

1.40 1.39 1.42 1.41 1.42 1.39 1.40 1.40 1.43 
1.42 1.41 1.43 1.42 1.42 1.42 1.42 1.42 1.43 
14.3 13.8 14.5 14.5 14.0 14.0 13.8 14.3 14.3 

* 
* Denotes cell failure 

Indicates discharge rate other than thirty  amperes 

V i  indicates discharge voltage a f t e r  thirty seconds discharge 

Wax indicates maximum voltage attained during discharge 

- 4 5  - 



M B E R  I 
* 

4 1 11 1 2  13 14 15 16 17* 18* 

1.40 h.42 1.40 1.40 1.40 1.39 1.40 
1.45 '1.46 1.46 1.46 1.46 1.46 1.45 
11.5 22.5 14.3 14.5 13.8 14.5 13.8 

I 
I 

1.41 i1.40 1.40 1.39 1.39 1.39 1.38 1.38 1.30 
1.44 ,1.43 1.43 1.43 1.43 1.44 1.44 1.44 1.40 

1.37 b.36 1.36 1.37 1.37 1.34 1.36 1.36 1.32 
1.43 11.44 1.43 1.44 1.44 1.42 1.44 1.43 1.43 

1 
I 

1.40 1.38 1.38 1.39 1.38 1.38 1t37 * 
1.43 1::; 1.43 1.43 1.44 1.44 1.45 1.43 

5 

?- I 
1.35 i1.35 1.35 1.35 1.35 1.33 1.34 1.34 
1.38 '1.40 1.40 1.40 1.40 1.39 1.39 1.39 

1.37 11.35 1.36 1.36 1.36 1.35 1.36 1.35 
1.40 11-41 1.41 1.41 1.41 1.40 1.41 1.39 

,1.39 1.40 1.40 1.41 1.40 1.39 1.39 1.40 
1.41 ,1.43 1.43 1.43 1.42 1.42 1.43 1.42 
12.5 '14.5 14.3 14.0 14.5 14.5 14.5 14.0 

I 



I. 
I 
I 
I 
I 
I 
I 

I 
1 
I 
I 
1 
I 
I 
I 
I 
1 
I 

,I 

I 
. TABLE NO, 

RATIO OP MATER1 
GROUP I 

7-- 

! I  

1.40 1.37 
1.44 1.44 
13.5 14.3 

1.34 1.36 
1.41 1.42 
14.0 14.3 

1.39 1.38 1.39 1.40 1.41 1.39 
1.41 1.41' 1 . 4 2  1.43 1.43 1.42 

-- - -- . 

1.37 1.35 1.30 1.35 1.36 1.36 
i . 4 2  1.41 1.38 1.43 1.43 1.44 

1.38 1.40 1.39 1.40 1.40 1.38 
1.42 1.44 1.45 1.45 1.44 1.44 

1.35 1.33 1.35 1.34 1.34 1.34 
1.40 1.40 1.41 1.40 1.40 1.41 

1.39 1.36 1.36 1.39 1.37 1.32 
1.43 1.41 1,44 1.44 1.43 1.41 

-. -- - . 

1.36 1.34 1.33 1.32 1.33 1.33 
1.40 1.40 1.40 1.40 1.39 1.39 
13.5 13.0 13.5 13.5 13.5 14.5 

1 .32  
1.41 
15.8 

1 . 3 7  
1.42 

1 - 3 1  
1.42 

1.36 
1.43 

1.38 
1.38 
- 

1.34 
1.41 

1.30 
1.40 
13.5 

I 1 . 3 5  1.36 
1.42 1 .42  
1 5 . 3  15.0 

1.37 
1.41 

1 . 3 3  
1.43 

1 . 3 7  
1.43 

1.32 
i . 3 9  

1 . 3 7  
1 . 4 3  

1.32 
1.40 
13.8 

1.39 
1 . 4 2  

1 . 3 7  
1.44 

-_ 

1.39 
1.43 

1.31 
1 . 3 9  

1.36 
1.42 

1.34 
1 .40  
14.8 
. - - _- .- 

* Indica tes  'discharge rate o the r  than thirty amperes. 

Vi. indicates discharge voltage a f t e r  thirty seconds d i s c h a r g e  

V max hdicetee  maximum voltage a t t a d t a d  during discharge 

b 
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1.35 1.36 
1.41 1 .41  
14.5 13.5 

---+ 
1 

1.37 1 .41  
1.42 1.40 

1.35 1 .31  
1.43  & . L t l  

1 I *  

1.39 1.39 
1.44 1 .44  

1 .31  1.27 
1.3'1 1.38 

1 . 3 7  1.36 
1 . 4 2  1.42 

1.34 1.33 
1.40 1.42 
13.8 14.5 

- . ~ -  

13 

1.38 
1.43 
14.5 

1.38 
1.43 

1.35 
i .42 

1.39 
1.44 

1.33 
1.39 

1 . 3 7  
1.42 

1.38 
1.42 
13.8 
- ._ 

14 

1.38 
1.43 
15.0 

- 

1.39 
1.42 

1.37 
1.44 

1.37 
1.44 

1.32 
I. 33 

1.35 
1.42 

1 . 3 7  
1.42 
14 .O 
._ 

15 

1.37 
1.43 
15.0 

-- - _ _  

1.30 
1 .43  

1.37 
1.44 

1.33 
1.44 

1.36 
1.41 

1 .38  
1.43 

1.37 
1.42 
13.8 

_ _ _ _  - 

16 

1.36 
1.43 
14.8 

1 ,39  
1.42  

1.30 
1.3'3 

1.38 
1.44 

1.39 
1.36 

1.33 
1.42 

1 . 3 6  
1.43 
13.8 

- .- 

17 

1.35 
1.44 
14.3 

1.38 
1.43 

1 . 3 ?  
1.43 

1.37 
1.44  

1 .35  
1 .Ai) 

1 . 3 7  
1 . & 2  

1.37 
1.43 
I!&. 0 

18 

1.36 
1.43 
14.0  

1.39 
1.42 

1 . 2 3  
1.41  

1.33 
1.44 

1.34 
1 . 4 0  

1.30 
1 . 4 2  

1.38 
1.43 
14.8 

19 

1.36 
1.42 
14.8 

1.39 
1 .(+3 

1.3U 
1.43 

1.38 
1.45 

1.3.5 
1.35 

1.38 
1.43 

1 . 3 6  
1.41 
14.8 

20" 
- 

. _  

1.311 
1.43 

i.3b 
1.42 

1.35 
1 .IC4 

1.36 
1 .40  

1 . 3 !  
L .44 

1.37 
1 . 4 1  
lS .8  

217% j 

I 

- -1 
I 

1 . 3 7  
1 . 4 2  

~- 

1 .23  
1 .A? 

1.37  
1 . !+!> 

4 

.1 

- t  



I .  

V i  
Vrna x 
c ( A H )  
__ - _-_. 

I 

1.36 
1 . 4 2  
12.5 

._ _.... _. 

TABLE NO.] 
RATIO OF MATERIAL 

GROUP KO. 

1.33 1.35 
1.45 1.46 
15.5 16.5 

1.35 
1.45 
15.5 

1 . 3 7  
1.43 
- 

1 . 3 7  
1.43 
- __.._ 

1.36 
1.43 

-- 

1 . 3 7  
1.43 

1.32 1 . 3 1  
1.41 1.43 
13.5 14.5 

1.34 
1 .42  
1 2 . 0  

- 

1.33 
1.38 

_ _  - 

1 . 1 7  
1 . 2 9  

1.37 1.41 
1.44q 1.44 

1.36 1.37 
1.43 1.43 

i.34 1.40 
1.43 1.44 

1.36 1.38 
1.43 1.44 

V i  
Vmax j 1.40 

I 
V i  1 1.31 1.34 1.40 1.32 
Vmax 1 .39  1.43 1.42 - 1.!:2 

1.35 1.37 
1.43 1.44 

___ - 
1- - -- - ---I-- 

Vi I 1 .29  1.33 1.36 1.31 
Vmax 1 1.37 1.40 1.41 1.46 

1.33 1.35 
1.40 1.42 

V i  1.34 1.38 1.39 1.37 1.37 1.39 
Vmax 1 1441 1.44 1.44 1.42 1.44 1.44 

1.38 
1 . 4 5  

V i  1.33 1.36 1.38 1.35 1.35 1.37 1.37 
Vmax 1.38 1.41 1.41 1.38 1.40 1.42 1.42 
C .  (AH) 12.3 13.0 13.0 11.0 12.0 12.5 12.8 

____ 1- 
t Indicates discharGe r a t e  other t h a n  t h i r t y  amperes. 

Vi indicates  discharge voltage a f t e r  t h i r t y  seconds discharg 

V max indicates  maximum voltage a t ta ined  during discharge 



B E R  
~. ._ - - - __ - - _-__ - .- - _. - - 

8 9 t o  11 12 13* 14* 15 16 

1.32 1.32 1.36 1.35 1.33 1.32 1.32 
1.45 1.45 1.45 1.45 1.46 1.40 1.41 
15.5 15.8 13.3 14.5 16.0 14.0 13.5 

_- - ~- - - - 

- - _ .  -- - 

1.36 1.34 1.40 1.38 1.37 1.34 1.36 1.37 1.37 
1.43 1.43 1.42 1.43 1.43 1.43 1.44 1.45 1.45 

1.31 1.34 1;18 1.27 1.37 i .3b 1.36 1.35 1.35 
1.41 1.43 1.43 1.44 1.44 1.41 1.42 1.40 1.40 

1.33 1.35 1.36 1.36 1.37 1.35 1.36 1.37 1.36 
1.44 1.42 1.44 1.43 1.44 1.44 1.44 1.44 1.42 
- __ - _____ - 

1.33 1.33 1.35 1.36 i.35 1.32 1.33 1.33 1.33 
1.41 1.40 - 1.39 1 .GO 1.42 1.39 1.39 1.39 1.38 

1.35 1.35 1.39 1.36 1.35 1.35 . 1.38 1.37 1.37 
I .44 1.43 1.43 1.43 1 :45 1.43 1.45 1.44 1.43 
.----I-__-_ -- 

1.34 1.41 , 1.42 1.37 1.37 1.36 1.39 1.38 1.39 
1.40 1.41 1.41 1.41 1.42 1.42 1.42 1.42 1.42 
12.0 11.3 12.0 12.5 12.5 14.0 14.5 14.0 14.0 
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most z inc  and l e a s t  s i l v e r  displayed g r e a t e s t  capacity. This i s  an  indica-  

t i o n  t h a t  the  capaci ty  degeneration of t h e  z inc  p l a t e  proceeds more rap id ly  

than the loss from the  pos i t i ve  group. Therefore, cells tend t o  be negative- 

l imi ted  following t h i r t y  days act ivated l i f e .  

i nd ica t e  t h a t  a s i l v e r  z inc  r a t i o  0.97:l.OO might y ie ld ,  under these  s p e c i f i c  

In te rpola t ion  of these  da ta  

l i f e  of 

the  cell. 

2. Electrolyte Additive Study 

a. Purpose 

The objec t ive  of t h i s  s tudy was t o  de 

discharge conditions,  a r e l a t i v e l y  s t a b l e  capaci ty  over the  usefu l  

ermine whether ny of sev- 

eral e l e c t r o l y t e  addi t ives  might r e s u l t  i n  s i g n i f i c a n t  bene f i t s  i n  capaci ty  

r e t en t ion  over a period of t h i r t y  days. 

b. Procedure 

The following solut ions of add i t ives  i n  1.400 s p e c i f i c  g rav i ty  

potassium hydroxide e l e c t r o l y t e  were prepared by The Eagle-Picher Analyt ical  

Laboratory: 

( a )  Kaolin (20% saturated,  80% sa tura ted)  
(b) 
(c )  
(d) 
(e) Elvanol (PVA), (20% sa tura ted ,  80% sa tura ted)  
( f )  

Polyethylene Oxide (20% sa tura ted ,  80% sa tura ted)  
Lithium Hydroxide (20% sa t a ra t ed ,  80% sa tura ted)  
Aluminum Hydroxide (20% sa tura ted ,  80% sa tura ted)  

N a , ( S i 0 ~ ) ~  (1 w t .  % 9  10 w t .  %> 

Cells of the  same s i z e  and nominal capaci ty  as used previously 

were ac t iva ted  with twenty cc  of the appropriate  e l ec t ro ly t e .  

were discharged t o  1.30 end voltage on the i n i t i a l  cycle  t o  e s t a b l i s h  f u l l  

capaci ty .  

mately 25% of f u l l  depth. 

Table N o .  XXX. 

Certain c e l l s  

Others were discharged f o r  7 .5  minutes a t  30 amperes, o r  approxi- 

Results o f  t h i s  and o ther  cycles a re  included i n  

Table No. XXIX spec i f ies  the e l ec t ro ly t e  employed i n  each c e l l .  

- 48 - 
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22 - 24 
31 - 33 

34 9 36 

37 - 39 
40 - 42 

43 - 45 

46 - 48 
49 - 51 

TABLE NO. XXM 

LiOH (80% sat.) 

A1203 (20% sat.) 

A1203 (80% sat.) 

Elvanol (20% sat.) 

Elvanol (80% sat.) 

N%(Si02)y, 1% by e. 

N%(Si02)y, 10% by wt. 

None 

ELECTROLYIX ADDITIVES 
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( 1  

I 
TABLE ,NO/ T GROUP 0 .  

I l l 2  
---- --t-1- 

V i  1.34 1.30 
V Max 1.42 1.42 
Cap.(AH) 12.0 13.25 

i - - t - t - -  

--t- --t-- ---t 
1.37 1.37 

*lrMax 1 1.39 1 1.38 

1.37 ~ 1.37 
Ql?M8x 1 1.38 1 1.38 

vi 1.36 1.37 
V M a X  1.38 1.38 
Cap.(AH) 13.0 12.5 

I I I 

3 

1.31 
I 1.40 
10.75 

.. - 

1.37 
1.40 
-. . 

1.38 
1.41 

1.36 
1.38 

___ - 

1.37 
1.40 

1.34 
1.37 
- _ _  - 

1.34 
1.38 
12.5 

4 5 
~.. 

6 

1.32 
1.41 
11.0 

- 

- 

1.37 
1.40 

1.40 
1.41 
. .. 

1.34 
1.38 

--_ 

1.39 
1.41 

1.37 
1.38 

1.36 
1.38 
12.5 
__ -- 

- .- 

7 

1.34 
1.40 
9 .o 

1.42 
1.42 

1.41 
1.42 

1.39 
1.40 

1.42 
1.43 

1.38 
1.39 

1.37 
1.38 
13.0 

8 

1.36 
1.44 
11.s 

1.39 
1.42 

1.41 
1.43 

1.37 
1.40 

1.42 
1.43 

li37 
1.40 

1.37 
1.39 
13.5 

-_ __. 

9 

1.34 
1.39 
8.5* 

1.39 
1.42 
. _- 

1.41 
1.43 

~ 

1.37 
1.39 

1.41 
1.42 

1.37 
1.38 

_. _ _ _  

1.37 
1.38 
13.0 

* Indicates discharge rete other than th ir ty  amperes 

+* Denote8 cell failure 

Vi indicates discharge voltage after 30 seconds 

V Max indicates maximum voltage attained during discharge 

10. o* 

1.30 
1.40 

1.42 I 1.40 

1.41 1.61 i ‘  
---A- 

1.31 ~ 1.$3 
1.36 1.37> I ’  

i 
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1.40 
1.42 

2- 

1.38 
1.41 

1.41 
1.41 

1.41 1.41 
1.41 1.42 

1.34 
1.37 

1.34 1.34 
1.38 1.38 

1.34 
1.37 
12.25 

1.34 1.34 
1.37 1.38 
11.5 12.0 

16 

1.35 
1.42 

-~ . 

___ 

1.37 
1.42 

19 20 21 12 22 

1.33 
1.41 

-- 

1.34 
1.41 

1.34 
,1.41 

1.33 
1.38 

1.38 
1.40 

-___. 

1.33 
1.39 

1.33 
1.42 

1.33 
1.40 

1.31 
1.41 

1.33 1.31 1.34 
1.41 

1.37 
1 .42 

__ ._ - 

1.35 
1.42 

1.37 
1.42 

a. -~ 

i.37 
1.41 

- - 

1.37 
1.39 

:::; I ::2: 1.36 
1.43 

1.35 
1.42 

1.33 
1.41 

1.34 
1.40 

1,33 1,33 
1.41 1 1.42 

1.35 
1.42 

1.36 1.33 
1.38 1 1 1.38 

1.37 
1.37 

1.38 
1.39 

1.34 
1.39 

1.43 
1.43 

1.35 
1.38 

1.39 
1.40 

1.30 
1.37 

.__ 

1.38 
1.40 

1.32 
1.37 
. __ 

1.31 
1.35 
12.5 

1 
- -T---t-- 

1.42 
1.41 

1.35 
1.35 

- ~ 

1.37 
1.35 
12.25 

1.34 
1.39 

1.32 
1.37 

I 

1.34 
1.37 
- 

1.35 
1.38 
12.0 

-- -e-- 
1.33 
1.37 
11.5 
-- 

::3: 1 :::; 
12.0 12.25 

1.36 
1.39 
12.5 

1.34 
*Jr 

(continued next page) ,  
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TABLE NO. ' X2 

____ 
23 

-_ __ 

34 

1.35 
1.42 

- __ 

1.33 
1.42 

_ _ _  _. 

L;34 
I .41 

_ _  

1.33 
1.39 

_ _  - 

1.33 
1.41 
- 

1.34 
1.37 

_ _ _  

1.36 
1.37 
13.5 
_ _  - 

. _ _ _  

37 

1.35 
1.43 

- 

1.39 
1.42 

_ _  

1.35 
1.41 

1.33 
1.38 

- 

1.35 
1.43 

1.37 
1.37 

1.37 
1.39 
14.0 

-- 

33 35 

1.34 
1.42 

- -- 3g 1 
1.35 
1.43 
4 

1,39 
L 43 
7 

1-38 
1.. 42 
- -  

1,35 
L 40 
- 

I 

1-36 
L41 

i 38 

. -  

1-38 
-_ - . 

b39 

y.0 
-I- - 

1,39 

I 

24 

1.31 
1.40 

__ 

1.32 
1.41 

i.32 
1.40 

31 

1.35 
1.42 

_.__ 

1.37 
1.41 

'I -1 
I . J I  

1.38 

32 

1.37 
1 043 

- 

-~ 

2.39 
1.43 

___ 

1.36 
1.42 

36 

1.33 
1.42 

~- 
38 

1.35 
1.42 

-- __ 

1.37 
1.43 

1.37 
1.42 

_ ~ _  - 

1.35 
1.39 

1.34 
1.40 

- 

1.35 
1.38 
- -- 

1.35 
1.38 
12.0 

1 ! 

1.31 
1.39 

1.3$ 
1.42 

~ 

1.37 
1.42 

1 .32  
1.41 

1.36 
1.42 

1.31 
1.41 

i . 3 3  
1.41 

-___ 

1.33 
1.38 

vi 
j o J v M a x  

1.36 
1.42 

. .. 

1.34 
1.39 

____ 

1.33 
1.41 

1.35 
1.41 

1.29 
1.39 

-. 

1.28 
1.37 

1.35 
1.39 

_ -  

1.30 
1.36 

- _ ~ _  

1.31 
1.38 
14.5 
- - 

1.35 
1.38 

-___ 

1.37 
1.40 

1.33 
1.39 

1.33 
1.38 

_ _  

1.34 
1.40 

__ 

1.35 
1.36 

1.33 
1.37 

1.33 
1.40 

1.37 
1.40 

1.34 
1.41 

1.33 
1.39 

1.33 
1.39 

1.36 
1.37 

1.35 
1.37 

1.35 
1.38 

__- 

1.35 
1.39 
14.5 

1.33 * 1.33 
JHr 

-_ 

1..36 
1.38 
13.5 

___- 

1.35 
1.36 
11.0 

1.37 
1.37 
13 .O 

* Denotes c e l l  failure 

Vi indicates discharge voltage after 30 seconds 
8 

V Max indicates maximum voltage at ta ined during discharge 
4 

! I  

, 

i - 3% ..- 



ER 

1.33 
1.37 

-_- 

1.35 1.34 1.32 1.29 1.29 
1.37 1.37 1.36 1.36 1.33 

1.35 1.43 1.42 1.33 1,32 I 1.39 1 1.39 1 1.39 1 1.43 I 1.42 1 

46 

1.26 
1.28 

1.20 
1.30 

1.22 
1.27 
~- 

1.28 
1.28 

1.29 
1.28 

1.28 
L32 

1.31 * 

47 

1.25 
1.30 

1.20 
1.32 

1:2n 
1.28 

__ 

1.27 
1.29 
-- 

1.30 
1.30 

1.27 
1.27 

1.31 * 
_- 

48 

1.25 
1.30 

___ 

1.17 
1.30 

1.17 
1.26 

1.26 
1.29 

__ 

1.28 
1.30 

1.25 
1.25 

1.31 * 

49 

1.36 
1.42 

____ 

1.33 
1.42 
- 

1.34 
1.42 

1.33 
1.38 

____ 

1.38 
1.40 
I__ 

1.32 
1.37 

-. - 

1,32 
1.38 
11 b 5  

so 

1.37 
1.43 

1.36 
1.42 

___ 

1.35 
1.42 

-___ 

1.34 
1.39 

1.38 
1.41 

1.32 
1.38 

._ . __ .- 

1.33 
1.38 
12.5 

5 1  

1.35 
1.42 

1.35 
1.42 

- -~ 

1.33 
1.41 

-____ 

1.32 
1.37 

1.37 
1.41 

1.32 
1.37 

1.33 
1.37 
13.0 
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c.  R e s u l t s  and Conclusions 

The only obvious s igni f icant  e f f e c t s  were those caused by dele- 

te r ious  addi t ives .  

i n  poor discharge voltage.  

i n  complete d i s a b i l i t y  of c e l l s  t o  reach acceptable discharge voltage a t  a 

30 ampere r a t e ,  following 30 days activated l i f e .  

of c e l l s  using the higher concentration of l i thium hydroxide s imi la r ly  f a d e d  

t o  discharge s a t i s f a c t o r i l y ,  while the lower concentration revealed no apparently 

s ign i f icant  e f f e c t .  

above w a s  12.5 ampere-hours. 

addi t ive was also 12.6 ampere-hours. 

c e l l s  having aluminum hydroxide additive displayed an average capacity of 1 3 . 3  

ampere-hours, while the remaining c e l l s  with addi t ives  (polyethylene oxide, 

kaol in  and elvanol) exhibited an average capacity of 12.10 ampere-hours. 

i s  indicated,  therefore ,  t h a t  f o r  t h i s  p a r t i c u l a r  regime of t e s t i n g ,  the  

addi t ion of aluminum hydroxide might be benef ic ia l .  

For instance,  both concentrations of Nax(Si02)y resu l ted  

The greater  concentration of t h i s  addi t ive resu l ted  

Discharge c a p a b i l i t i e s  

The mean capacity of a l l  c e l l s  except those described 

The mean capacity of c e l l s  having no e l e c t r o l y t e  

This appears coincidental ,  as the cFx 

It 

3 .  Effect of C e l l  Tiphtness and Quantity of Electrolyte  

a. Object 

The object  of t h i s  phase of study is to  determine whether c e r t a i n  

combinations of c e l l  t ightness  and quantity of e l e c t r o l y t e  r e s u l t  i n  improve- 

ment i n  voltage regulat ion o r  capacity re ten t ion .  

b.  Procedure 

Cells used i n  t h i s  se r ies  were s imilar  t o  those described above 

with respect to  ac t ive  mater ia l  weights and type of separator  system. I n  a l l  

c e l l s ,  the separator  system consiated of non-woven nylon fabr ic ,  two wraps 

of cellophane and nonwoven rayon. Shims of two thicknesses were used t o  
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provide the  va r i ab le  of t igh tness .  

cc's w e r e  se lec ted .  

E lec t ro ly te  volumes of 19, 19.5 and 20 

All poss ib le  combinations of t hese  var iab les  were em- 

ployed a s  indicated by Table IJo. XXXI. 

c .  Resul ts  and Conclusions 

Table No. XXXII displays cycle  da t a  f o r  these  cells. Mean responses 

f o r  t h e  n ine  types of c e l l s  ranged from 11.1 t o  12.4 ampere hours, with no 

d e f i n i t e  ind ica t ion  of any s ign i f i can t  e f f e c t ,  e i t h e r  benef ic ia l  o r  de le te r ious .  

This is  taken t o  ind ica t e  t h a t  a )  t he  quant i ty  of e l e c t r o l y t e  may be reduced 

to  nineteen cc's and b) the  c e l l  capacity may be increased by adding mre 

a c t i v e  material i n  the  same volume. It i s  notab le  t h a t  no c e l l  f a i l u r e s  oc- 

curred i n  chis t e s t  series. 

4 .  Prototype C e l l  Invcst igat ion 

a. C e l l  Design 

Development work concluded during t h e  f i n a l  contract  month with 

the  cyc le  evaluat ion of c e l l s  of improved design. 

cont rac t  period a r e  more f u l l y  outlined i n  t h e  following sect ion,  Sect ion I V .  

Design changes during t h e  

b. T e s t  Procedure 

As i n  previous test series, c e l l s  w e r e  ac t iva ted  with e l e c t r o l y t e ,  

then entered i n t o  stand a t  +90"F. As ind ica ted  'by Table No. XXXIV, which 

summarizes cyc le  da ta  f o r  t h i s  test series, c e r t a i n  cells  were discharged 

f u l l y  on the  i n i t i a l  cycle,  w h i l e  o thers  w e r e  discharged approximately 25% 

of t h e  mean f u l l  capaci ty .  A t h i r t y  ampere rate was  used f o r  a l l  discharges.  

Cells were subjected t o  seven discharges during a t h i r t y  day period, a t  

least one of these  cycles  being carr ied t o  an end vol tage of 1.3 v o l t s  pe r  

ce l l .  
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TABLE NO. W M L  

EFFECT OF CELL TIGHTNESS AND QUANTITY OF ELECTROLYTE 

Cell Numbers 

1 - 7  

8 - 14 
15 - 20 
21 - 27 
28 - 34 
35 - 40 
4i - 47 
48 - 54 
55 - 60 

Volume of Electrolyte 

19.0 

19.5 

20.0 

19.0 

19.5 

20.0 

19.0 

19.5 

20.0 

- 54 - 

~ ~- ~ 

Shim Thickness 

------ 
----e- 

------ 
0.010" 

0.010" 

0.010" 

0.020" 

0.020" 

0.020" 



I 
I 
I 
1 

1 2 3 4 
1.36 1.36 1.32 1.37 
1.42 1.42 1.41 1.42 

1.42 1.41 1.39 1.41 
1.44 1.43 1.40 1.41' 

1.38 1.37 1.37 1.40 
1.42 1.42 1.37 1.40 

1.37 1.35 1.36 1.38, 
1.41 1.41 1.36 1.38 

1.35 1.36 1.37 1.37 
1.39 1.38 1.38 1.38. 

1.37 1.37 1.38 1.38 
1.40 1-40 1.38 1.38 

1.38 1.39 1.37 1.37 
11.75 10.5 11.5 11.5 

-- 14.5., 14.5 

- -  

- 

1.32 1.34 i : ~ - i . 3 3  

I 
I 
I 
I 
I 
B 
I 
1 
I 
I 
I 
I 
I 
I 

1 

5 6 7 8 9 .  10 11 1 2  j 13 14 
1-35 1.35 1.37 
1.42 1.42 1.42 

1.40 1.39 -1.41 
1.41 1.41 1.42 

1.39 1.39 1.40 
1.39 1.39 1.40 

1.36 1.36 1.38 
1.37 1.37 1.38 

1.37 1.37 1.37 
1.35 1.38 1.38 

1.37 1.36 i . 3 8  
1.38 1.38 1.38 

1.33 1.32 
1.38 1.38 

-. . 

__ 

- t -- 

1 $2.25 11.5 J2.25 31.75 10.5 12.5 ~ 11.5 112.5 112.0 112 . (  

TABLE NO. , 
EFFECT OF CELL TIGHTXESS AND 0, 

GROUP NO. 

' 

f 

L 

v i  

Cap.AH 
Vi 

2 V Max 

v i  
V Max. 

1 VMaX. 

, vi 
. 4 V M a X .  

Vi 
V Max. 

- 
31 32 

v i  1933 1.36 
1 V Max. 1.41 1.42 

Vi 1.35 1.39 
V Max. 1.40 1.41 

, 1.38 1.39 
V Max 1.39 1.39 

V i  1.37 1.36 
V Max. 1.37 1.37 

5 q  v i  1.37 1.37 
V Max. 1.37 1.37 

- 

3 
- ._ 

_- b 
11 

CELL NUMBE' 

33 
1.36 
1.42 

1.38 
1.41 

1.38 
1.39 

1.37 
1.37 

1.37 

-_ 

.- 

1.,37 

1.34 
1.37 

1.36 
1.39 

112.0 

34 
1.35 
1.42 

1 .39  
1.41 

1.39 
1.39 

1.37 
1.37 

1.37 

.-- 

1.37 

1.33 
1.34 

1.36- 
1.39 

11.75 

35 I 36 I 37 I 38 

I i I 

1.40 1.39 1.39 1.38 
1.40 1.39 1.39 1.38 

1.38 1.37 1.37 11.37 
1.38 1.37 1.38 11.37 

1.38 1.37 1.37 1.37 
1.38 1.37 1.37 1 .37  

1.34 1.34 1.35 1.34 
1.35 1.35 1.37 1.35 

1.37 1.36 1.37. '-1.36 
1.39 1.39 1.39 1.38 

_- _ -  - 

_--- - ___ 

- 

12.5 i 11.5 11.5 12.5 

CELL NUMB1 

q-7q-T 
1.32 1.36 1.36 
1.43 
14.5 

1.44 
1.44 

1 . 3 7  
1.4: 

1.36 

__ _ _  

- _ -  - 

- _ _ _  

1.41 I 1 .41 + __.- 

1.43 i 1.40 
1.43 i 1.42 

1.35 1.38 
1.38 1 . 7 9  

1.36 1 . 3 7  

t - -  . - _  

- +  - -  

1.41 1.37 

1.37 11.36 

. - + ~ - -  

- __  --- 
1.34 1.35 1.37 

___ - . - __. - - - . . 

1.39 1.41) 1.33- 
11.5 1[).5 ,11.5 10. 0 1 1 1 , o  

Vi Indicates Discharge Voltage A f t e r  30 Seconds. 

V Max. IndFcat Maxfmum Voltage Atta i t i ec l  During Discliarsc. - 3 -  

1.37 

1.35 
1.37 

1.33 
1.36 

1.32 
1.3H 

.- 

. -_ - 

- _ _  

UAi 



V I  

' I  

' I  

R 

r 

15 16 17 18 19 20 , 2 1  I 22 23 24 25 26 27 28 29 30 
1-36 1.37 1.34 1.37 1.3 

- - t ---- 

R I 

, * 1 

45 I 46 61, 47 , 48 1 49 56 5 7  58 1 59 I 
1 - 3 5  ' 1 - 3 5  '1.36 ' 1-36 '1.34 ' 1 . 3 4  'I 1.361 1.36~ 1.331 1.35 1.35 '1.36' 1 . 3 5 '  1 . 3 6  

.42 1.Gl; 1.42 1 1.42 I 1.42 I 1.53 I 1.43 
1.41 11.41 1.42 i- - F3.25  , 14.5 _ _  4 t -  4 - - / - - b f i B g + u  

1.40 I 1 - 3 9  11-40 '1.38 1.39  1 - 3 9  
1-41 1 - 4 0  1.41 11.41 1.43 1-43 , 1.39 1-40' 1-40' 1.39 1.401 1.40 1 1.A0 1.41 1.A3 L.!i2 

I I I -+-  3 -  + 
- _. 1 .. 

'1.39 1.36 1.38 1.36 1.39 1.36 1 1.39, 1.40 1.35 1.37 
1*38 1.38 1'37 1037 1*37 1*38 ' 1.39 1.38 1.38 1.38 1.39 1.38 1.39 1.40 1.41 1.41 

11.3t; 1.371 1.37 1.35 1.35 1.37 1.37 '1.39 1.38 1.37 1.36 1.37 ,1.34 1.35 1.35 1.37 
91.38 1.37 1.37 1.36 1.36 1.37 1.37 1.39 1.41, 1.41 

- - - +  + + . t----------t- +---' 
1.37 1.37 1.37 1.37 141 1.41 

1.38 1.38 1 37 1.37 1.38 1.38 1.38 1.38 1.38 1.36 1'36 le3' 
f 1.38 1.38 1,37 1.37 1.38 ' 1 .33 1.38 1.38 1.41 1.41 

1-34 1-34 1.33 1.33 1.33 1.35 I 1.34 1.36 1.Jj 1.37 
1.36 1.35 1.35 1.36 1.41 1.38 

1.33 '1.33 1.31 1.33 1.33  1.35 
1.35 1-34 1-34 '1.35 .1.40 , 1 . 4 0  ]i1.35 1-35 I 1 . X  1 1-33 1.34 1.35 1.35 1.36 1.40 l.l+l 

1.42 1.42 1.42 t l * c t o i  
t t -  + 

I 1 

1.38 1.37' 1.38 1.38 1.38, 1.37 I 1.39 1.39 1.51 ~ . : I ' I  

L -- 4 4 -*-- 4 . ?  - + -  + - 4  
1 

+ + -- -- - --+ 
I 

- .  4 - +  -+- -t - +  +- .- 1 

1.39 4 1.38 1.38 1.38 1.41 1.41 I - - +  

1 
-t-- 1 -- . 

- t t . - +  1 - 1 -  - t 
+ -  

I 
- *  t- 

7- 4- - +- - 
--, - __ - - . -. - 

1.31 1.35 1.33 1.33 1.33 11.3s 

12.0 12.0 i10.0 110.5 
1.38 1.37 1.37 1 37 11.39 1.40 
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I n i t i a l  Capacity F ina l  Capacity 

c. Cell Capacit ies 

C e l l  capaci ty  da t a  as a function of c e l l  t e s t  conditions are 

revealed by Table Nos. ZUMIII and XXXV. 

As a previous study indicated a poss ib le  benef i t  from the  addi t ion  

of A1203 t o  the  e l ec t ro ly t e ,  ten of the s ix ty - f ive  cells  of t h i s  series ( C e l l  

Nos. 25 - 3 4 )  employed e l e c t r o l y t e  20% sa tura ted  with t h i s  addi t ive .  

TABLE NO. XXXIII 

I No 15.7 13.9 

Table No. U X I V  reveals  t ha t  four c e l l s  f a i l e d  during cycle  

evaluat ion.  A l l  f a i l e d  c e l l s  were disassembled and ca re fu l ly  examined. 

Of these,  C e l l  No. 13 f a i l e d  t o  accept a recharge following the  i n i t i a l  

25% depth cycle.  

by a minute piece of g r id  w i r e .  

does not i nd ica t e  a design f a u l t .  

found t o  have inadequate plate- to- tenninal  e l e c t r i c a l  connection because of 

weakening of t he  g r id  lug s t ruc tu re ,  apparently the  r e s u l t  of excessive heat-  

ing during an assembly process. 

This was  a t t r i bu ted  t o  pene t ra t ion  of the separa tor  system 

This i s  regarded as abnormal f a i l u r e  and 

The remaining cells which f a i l e d  were 

There was no evidence of conductive paths  

of a c t i v e  materials penetrat ing the separa tor  system i n  any c e l l ,  although 

both s i l v e r  and zinc were observed; nor was the re  any ind ica t ion  of excessive 

l o s s  of ac t ive  mater ia l s  from the  plates.  It ?s <.r:dFcnted thnt the. i:se of 

kLX3 $ 1  t h e  eiectrol-yte tends t.2 ' sCu>ilize c e l l  capacity on s tand .  Over 
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c 1s.s 162s L.3.0 14.5 1625 15.0 
v 1.39 1.44 1.43 1.42 1.41 1.38 1-40 1.39 1-33 1.38 1.37 1.35 *' m A L  5e35 

2 VI 1.43 1.44 1.49 1.43 1-43 1.43 1.43 1.44 1.42 1.43. 1.43 1.43 lo# 1.46 1.43 
I 

ll 
I 

6 V,,, 1.40 1.40 1.41 1.42 1.39 1.40 1.41 1.41 1.40 1.40 1.39 1.40 1.60 1.43 1.39 

VI 1.32 l .31 l.23 2.37 *. e i . 3 2  . 1.32 1.99 1.31 
7 V, 1.40 1.40 1.41 1.41 1.41 1.41 1.41 1.41 1.40 1.40 1-40 1.40 1-49 1.41 

C 15-5 14.0 14.0 13.5 15.5 15.0 16.5 16.0 15.0 l $ . O  14.5 15-0, 13.5 15.S 

I 
C- 14.q d15.0 16.0 15.-5. 16-0 15-0 16.0 16.0 13.5 IW 
"1 t., .3z 1. .s i,s9 1.36 1.3s 1.m i.3a 1.37 

7-i i.40 1.:: i.40 1.40 1.61 1.41 1.41 1.40 1.40 1.40 1.40 1.46 1.40 

I I 

I 
I 
iI 
I 

VI - InftL.1 Dimcharge Voltage (at 30 Secmdr or First Recrdiag Taker) 
V, - Mu- Volt8ge Attained or Volt40 at X!5 Minute8 
C Capacity in Ampere Haurr to 1.30 Volt8 End Voltage 
f = Indicate8 Cell Failure 

t 

U* 



t' c 
, 

17 18 19 20 21 1 22 24 25 26 27 - 2 8  29 30 31 32- I u 



!I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
n 
I 
I 
I 
I 
I 
I 
I 
I 

A1203 
No 

a t h i r t y  day period a t  90"F, t h i s  apparently r e s u l t s  i n  a capacity r e t en t ion  

on the  order  of one ampere hour above tha t  displayed by cel ls  with standard 

e l ec t ro ly t e .  

A n  estimation of cycle l i f e  i s  d i f f i c u l t  t o  ob ta in ,  as tk char- 

ac te r i s t ic  i s  a function of discharge conditions and ac t iva t ed  c e l l  age among 

o the r  f ac to r s .  

over four o r  f i v e  cycles during th ree  weeks, 

one of s ix ty - f ive  cel ls  performed s a t i s f a c t o r i l y  a f t e r  one month act ivated 

l i f e  including seven discharges. 

It is  indicated t h a t  r e l i a b l e  performance might be achieved 

Data a l s o  ind ica t e  t h a t  s ix ty -  

15.6 A.H. 

- TABLE NO. XXXV 

15.2 A.H. 13.9  A.H. 

Cells i n  the  i n i t i a l  e l e c t r o l y t e  additive study were not f u l l y  discharged u n t i l  

conclusion of cycle t e s t i n g ,  while all c e l l s  i n  Series N o .  8 which contained 

A1203 add i t ive  were f u l l y  discharged t w i c e ,  y ie lding i n i t i a l  as w e l l  as capacity 

r e t e n t i o n  data .  Table No. XXXV indicates t h a t  c e l l s  which contained A1203 

add i t ive  displayed less capacity immediately following ac t iva t ion  than those 

with standard e l ec t ro ly t e .  A t  completion of cycle and stand t e s t ing ,  mean c e l l  

capaci ty  f o r  t en  cells  containing A1203 add i t ive  w a s  15.6 A.H., o r  1 .7  A.H. 

more than f o r  remaining ce l l s .  Cells with standard e l e c t r o l y t e  exhibited capacity 

degradation during s tand,  while those with A1203 add i t ive  displayed increased 

capaci ty  . 
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Another comparison r e l a t i v e  t o  c e l l s  with standard e l e c t r o l y t e  

reveals t h a t  those which were i n i t i a l l y  discharged only 25%, displayed f i n a l  

mean capacity 1.3 A.H. g rea t e r  than those i n i t i a l l y  discharged t o  a 1.30 cut -  

o f f  voltage. 
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IV. SUMMARY AND CONCLUSIONS 

During the extended contract period, (July 1964 - June 1965) 
approximately three hundred test cells were constructed with a goal of im- 

proved energy density, stand and cycle characteristics, with no sacrifice 

in voltage regulation or unit reliability. 

testing was included in the test program, it was intended that the final de- 

sign be applicable to use in Aero-Space programs. 

of phases of study which were examined during the extended contract period. 

Although no dynamic environmental 

The following is a summary 

A. Separator Evaluation 

Data obtained during the original investigation period indicated 

impressive stand characteristics associated with multiple wraps of membranous 

materials in conjunction with absorbent materials next to the positive and 

negative. 

in various secondary applications. 

efficient separator materials of decreased thickness, such that cell impedance 

might remain low, at the same t h e  allowing the introdation of more active 

material into the cell. The separator system has been altered by replacing 

woven nylon with a slightly thinner matted product which is superior in electro- 

lyte retention. 

plate. 

negative plate, with the advantage of greater stability in caustic environ- 

ments. 

approximately 15% additional active materials. 

A parallel construction technique has been employed for some time 

Emphasis was placed upon location of 

Also, a thinner rayon product is used next to the negative 

The polyamide product mentioned above might also be used next to the 

Decreases in separator thicknesses resulted in the availability of 

B. Negative Formulation 

Single plate studies performed upon negative plates of carefully 

controlled thickness revealed valuable relationships concerning apparent density. 
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It was indicated that zinc volume efficiency improved directly with porosity 

Over the apparent density range investigated. 

most pronounced with apparent densities in excess of approximately 44 @/in 

These data are of value not only in cell design, but in defining acceptable 

Inefficiency was found to be 
3 

production materials. 

C. Positive Plate Electroformation 

Studies related to the positive plates were directed at achieving 

maximum state-of-charge, as indicated by oxygen content at termination of forma- 

tion. Procedures which were investigated were l) constant current continuous 

and 2) constant current interrupted. 

1. Constant Current Continuous 

Preliminary studies indicated that plate porosity o r  apparent den- 

sity was by far the deciding factor in charge acceptance, as compared to 

electrolyte temperature, plate weight, and charge input. For this reason, 

later experiments were directed at investigating the combined effects of 

charge input and apparent density. It was confirmed that oxygen "pickup", 

or plate weight increase during formation, improved with densities as low as 

70 gmlin . 3 
> 

Later studies, for instance, yielded responses as great as 14.36% 

far 70 */in3 density as compared to a maximum of 9.62% for a trial at 95 gm/in3 

density. This response is defined as (positive material weight after formation - 

sintered silver weight) f sintered silver weight. A response of approximately 

14.8% would correspond to the theoretical maximum, with all silver being con- 

verted to the divalent state. Final indications are that for standard formation 

procedures, it is advantageous to employ densities no greater than 75 gm/in3, 

with the indication that maximum state-of-charge might be achieved with a 
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charge input of approximately 140% of t h a t  t heo re t i ca l ly  required f o r  complete 

conversion t o  the  d iva len t  state.  

c e l l  design but also f o r  es tab l i sh ing  process cont ro ls .  

These da ta  again a r e  invaluable  not only i n  

2. Constant Current Interrupted 

Recognizing poss ib le  benef i t s  of obtaining e f f i c i e n t  p l a t e s  of 

increased dens i ty ,  a br ie f  study was conducted i n  an attempt t o  form p l a t e s  of 

d e n s i t i e s  of 73-98 gm/in3. It was found t h a t  by in t e r rup t ing  the  charge pro- 

cedure with open c i r c u i t  stand periods, charge acceptance was increased. 

For  instance,  t he  second such series resu l ted  i n  an oxygen "pickup" of 14.55 

f o r  a p l a t e  of 80 gm/in3 densi ty .  This is  comparable with the  g rea t e s t  response 

01 i v w  deiisity t r i a l s  szbjccted t3 cmt innous  charging i n  e a r l i e r  s e r i e s .  

d id  not permit extensive construct ion of f u l l  s i z e  t e s t  c e l l s  which would reveal  

T i m e  

whether the  increased dens i ty  m i g h t  a f f ec t  discharge o r  stand cha rac t e r i s t i c s .  

D. Zinc Deposition Study 

A br ie f  study r e l a t e d  t o  z inc p l a t e  formulation indicated the  

most favorable  conditions f o r  z inc deposit ion t o  be 

1) p la t ing  current dens i ty  of 0.65 amp/in2 

2) llO°F bath temperatcre 

3)  Thir ty  minute p l a t ing  in t e rva l  (between r in se )  

It w a s  a l so  indicated t h a t  g rea t e r  control of oxide content could be obtained 

by employing a s t rong spray r i n s e  rather  than flowing water r in se .  

E. F u l l  Cel l  Studies 

1. Ratio of Mater ia ls  Study 

It has been confirmed tha t  within normal design l i m i t s ,  increased 

s i lve r - z inc  r a t i o  favors  increased i n i t i a l  capaci ty ,  while therrtverse r e s u l t s  

i n  capac i ty  c h a r a c t e r i s t i c s  more s table  over a period of t i m e .  For the  cycle  
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regime employed, i t  appcars t ha t  a r a t io  of approximately 0.97:l.OO might 

r e s u l t  i n  near ly  constant capaci ty  over a one month per iod.  

2. E lec t ro ly t e  Additive Study 

It i s  indicated t h a t  the add i t ion  of A1203 t o  t h e  e l e c t r o l y t e  

might r e s u l t  i n  approximately one ampere hour g r e a t e r  capaci ty  following 

t h i r t y  days ac t iva ted  stand. 

3. Effect  of C e l l  Tightness and Quantity of Elec t ro ly te  

T e s t  da ta  confirmed t h a t  n e i t h e r  c e l l  group t igh tness  o r  volume 

This allowed of e l e c t r o l y t e  were l imi t ing  f ac to r s  at t h e i r  previous l e v e l s .  

f o r  fu r the r  minor improvements i n  energy dens i ty  by s l i g h t l y  reducing the  

quancity of eiectroiyie aIid iiicreasiig The 

a b i l i t y  t o  operate  with less e l ec t ro ly t e  apparently arises from the  optimized 

separa tor  system and possibly from mre uniform c a p i l l a r i t y  of t h e  a c t i v e  

mater ia l s .  

the q i i ~ ~ t i t y  =f ~ ~ t i v e  materials. 

4. F ina l  C e l l  Design 

The following summarize t h e  pe r t inen t  design f ea tu res  of the  

progressive c e l l  redesign e f f o r t .  

Pr  e - Con t r a c t 

P o s i t i v e  Grid Nickel 

S i l v e r  Apparent 80-90 gm/in3 
Dens i t  y 

S i l v e r  P l a t e  Weight 1.8 - 1.9 @/in2 
4.20 

Co per (0.25 gm/ 
i n  ) s Negative Grid 

P o s i t i v e  Absorbent None 

Membrane f133 Visking 

Negative Absorbent 0.008" Rayon 
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Ju ly  1964 

S i l v e r  (0.4g/ in*) 

80 g / in3  

1.8 - 1.9 gm/in3 
430 

Co per  0.25 gm/ 
i n  5 
0.004" Woven 
Nylon 

Ju ly  1965 

S i l v e r  (0.3 

70-75 g / in3  

S i l v e r  0.3 
gm/ in2 

0.0025 Matted 
Nylon 

Two Thin Cellulose Two Thin 
Cel lulose 

0.0035 Rayon 0.0025 Rayon 



These da ta  do not adequately r e f l e c t  t h e  improvements which w e r e  

The or ig ina l  c e l l  design displayed poor recharge 

I n i t i a l  s tud ie s  

obtained i n  c e l l  operation. 

c a p a b i l i t i e s ,  

indicated t h a t  i n s e r t i o n  of an i n e r t  mater ia l  between t h e  p o s i t i v e  p l a t e  (a  

s t rong oxidizing agent) and the  ce l lu los i c  membrane, which has long been ex- 

amined with respect  t o  a t t ack  by s i l v e r  species ,  reduces degradation of t h i s  

mater ia l .  

systems and extended t h e  l i f e  of t h e  sys tem as  reported previously,  while 

adding moderate recharge capab i l i t i e s .  

being designed as a primary shor t  stand i t e m .  

This approach represented a "marriage" of t h e  primary and secondary 

Replacement of nickel  and copper g r id  mater ia l s  with s i l v e r  i m -  

proved i n t e r n a l  r e s i s t ance  cha rac t e r i s t i c s  and eliminated poss ib le  corrosion 

e f f e c t s  i n  the  negative group. 

Rather extensive e f f ic iency  s tud ie s  r e l a t i v e  t o  the  p o s i t i v e  and 

negat ive a c t i v e  materials r e su l t ed  i n  g rea t e r  e f f i c i e n c i e s  as  w e l l  as increased 

apprec ia t ion  of the  process cont ro ls  necessary t o  achieve these  e f f i c i enc ie s .  

These a l t e r a t i o n s  i n  p l a t e  propert ies  apparently a f fec ted  the  c a p i l l a r y  prop- 

ert ies of t he  p l a t e s  such t h a t  reduced quan t i t i e s  of absorbent mater ia l s  were 

necessary t o  insure  proper wet t ing of t h e  cell  pack. Eff ic iency s tudies  a l so  

r e s u l t e d  i n  t h e  determination of an a l t e r ed  r a t i o  of mater ia l s  such t h a t  more 

s t a b l e  capaci ty  c h a r a c t e r i s t i c s  a r e  obtainable.  

allowed the  obvious increase of ac t ive  mater ia l s  and, therefore ,  c e l l  capaci ty .  

Reduction of separa tor  mater ia l s  

I n  summary, a c e l l  has been designed which exhib i t s  l imi ted  

recharge capabi lF t ies ,  (estimated a t  f i v e  cycles a t  25% f u l l  capaci ty)  increased 

ac t iva t ed  l i f e ,  g rea t e r  capacity and mater ia l s  e f f ic iency ,  with no known sac- 

r i f i c e s  i n  c e l l  performance. Figure No. 2 compares discharge c h a r a c t e r i s t i c s  

f o r  c e l l s  a t  various s tages  of development. 
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V I .  PERSONNEL 

The fol lowing number of personnel man hours were expended during 

the contract period. 

Engineering - 6,694 

Technical - 8,956.5 

Total - 15,650.5 
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TABLE NO. XXXVI 

SILVER PLATE FORMATION STUDY 

SECOND FACTORIAL EXPERIMENT 

ANALYSIS OF VARIANCE 

(S E V E R  DENS XTY) 

Silver Density (-/in3) 

Q) 

0 a 
v) 

2 

d 
xi 

X 

~ ( x z )  = 2228.92 

70 

14.36 

13.49 

11.99 

39.84 

13.28 - -  

75 I 80 I 85 I 90 I 95 I Total 
13.31 11.35 11.29 I 9.05 1 8.90 68.16 

12.75 11.99 10.63 10.64 9.62 69.12 

9.94 9.39 9.95 10.30 9.33 60.90 

I 

36.00 32.73 31.87 29.99 27-75 198.18 

i 2 . ~ ~  ?0.9? 19.62 

Correction Factor = (198.18)2/18 
= 2181.96 

2 Total Sum of Squares =>(x ) - C.F. 
= 46.86 

Density S of S = (39.842 + .... + (27.7S2)/3 - COP, 
= 36.25 



8 .  
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

P e r  Cent Charge 

E x i  

X 

E(x2) = 2228.92 

TABLE NO. X X X V I I  

SILVER PLATE FORMATION STUDY 

SECOND FACTORIAL EXPERIMENT 

ANALYSIS OF VARIANCE 

(PER CENT CHARGE) 

120 

14.36 

11.35 

9.95 

34.76 

11.59 

156 I 1 7 1  I 218 

13.31 13.49 12.75 

11.29 11.99 10.63 

8.80 10.64 9.62 

33.40 36.12 33.00 

11.13 12.04 11.00 

254 I 323 

11.99 9.94 

9.39 9.95 

10.30 9.33 

31.68 29.22 

10.56 9.74 

Correction Factor = 2181.96 

Total  Sum of Squares - 46.96 

P e r  Cent Charge S of S = (34.762 = ...+ 29.222)/3 - C.F. 
= 9.67 

Total  

75.84 

64.60 

57.74 

198.18 
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Variance 
2 

S i l v e r  Density Exi - (Lxi)2/9 

70  gm/i$ 2.88 

75 6.52 

80 3.68 

85 0.90 

90 1.40 

95 0.34 

TABLE NO. XXXVIII 

SILVER PLATE FORMATION STUDY 

SECOND FACTORIAL EXPERMKC 

Response Mean 

13.28 

12.00 

10.91 

10.62 

10.00 

9.25 



TABLE NO. XXXIX 

SILVER PLATE FORMATION STUDY 

SECOND FACTORIAL EXPERIMENT 

CBLCULATION OF VARIANCE 

Per Cent Charge 1 Variance 

120 

156 

171 

218 

254 

3 23 

14.18 

11.08 

4.07 

5.10 

3.48 

0.26 

Response Mean 

11.59 

11.13 

12.04 

11.00 

10.56 

9.74 



TABLE NO. :a- 
SILVER PLATE FORMATION STUDY 

Silver Density 

d 
-rl 
(d 
L9 
w2 

sx 

X 

ANALYSIS BY COMPARISON OF MEANS 

70 75 80 85 90 

14.36 13.31 11.35 11.29 9.05 8.80 

13.49 12.75 11.99 10.63 10.64 9.62 

11.99 9.94 9.37 9-95 10.30 9.33 

39.84 36.00 20.73 31.87 29.99 27.75 

13.28 12.00 10.91 10.62 10.00 9.25 I 
Overall Mean = 11.01 

I 
I 
I 
I 
i 
I 
I 
1 
I 
1 
I 
I 
I 
I 
I 
I 
1 
1 
I 



I .  
I 
1 
I 
1 
I 
I 
1 
1 
i 
I 
I 
1 
I 
1 
1 
1 
I 
1 

14.36 

11.35 

9.05 

34.76 

11.59 

TABLE NO. Xl,X.,,. 

SILVER PLATE FORMATION STUDY 

13.31 

11.29 

8.80 

33.40 

11.33 

ANALYSIS BY COMPARISON OF MEANS 
i 

Per Cent Charge 1 120 I 156 

c 
rl 
(d 
c3 
s? 

t x  
- 
X 

Overall Mean = 11.07 

171 

13.47 

11.99 

10.64 

36.12 

12.04 

- 21 8 

12.75 

10.63 

9.62 

33.00 

11.00 

- 254 

11.99 

9.39 

10.30 

31.08 

10.56 

- 



TABLE NO. y w  

SILVER PLATE FORMATION STUDY 

THIRD FACTORIAL EXPERIMENT. 

ANALYSIS OF VARIANCE 

(ARRANGED BY SILVER DENSITY) 

(ZXi)2 

-~ - 

S i l v e r  Density 

1100.42 

Per Cent Weight Gain 
Per Cent Weight Gain 
Per Cent Weight Gain 
Per Cent Weight Gain 
Per Cent Weight Gain 
Per Cent Weight Gain 

r x i  
- 
X 

L 
70 

12.97 
14.15 
12.28 
13 . 40 
14.57 
13.76 

81.13 

13.52 

13.07 
14.03 
13.28 
12.16 
13.98 
11.67 

78.19 

13.03 

1023.52 

12.28 
12.33 
12.48 
10.70 
12.54 
11.82 

72.15 

12.03 

870.03 

Total 

38.32 
40.51 
38.04 
36.26 
41.09 
37.25 

231.47 

2994 . 11 
Correction Factor = (231.49)2 : 18 

= 53578.36 t ' l8  
= 2976.58 

Total Sum of Squares = (Total, each response)2 - CF 
2994.11 - 2976.58 

= 17.53 

Density Sum of Squares = (81.19)2 + (78.19)2 + (72.2012 - 2976.58 
6 

17902.10 - 2976.58 
6 

= 2983.68 - 2976.58 - 7.10 



TABLE NO. XLIII 

SILVER E'LATE FORMATION STum 

THIRD FACTORIAL EXPERIMENT 

ANALYSIS OF VARIANCE (PER CENT CHARGE) 

L M H 
160 Total 

Per Cent Gain 
Per Cent Gain 
Per Cent Gain 
Per Cent Gain 
Per Cent Gain 
Per Cent Gain 

- 
X 

(SXi) 

12.97 
13.07 
12.28 
13.40 
12.16 
10.70 

12.43 13.60 12.54 

931.76 1114.07 948.15 I 2994.11 

74.58 

14.15 
14.03 
12.33 
14.57 
13.98 
12.54 

81.60 

12.28 
13.28 
12.48 
13.76 
11.67 
11.82 

75.29 

39.40 
40.38 
37.09 
41.73 
37.81 
35.06 

231.47 

Correction Factor = (231.47)' f 18 - 53578.36 18 
= 2976.58 

Total Sam of Squares = (Total, each - CF 
= 2994.11 - 2976.58 
= 17.53 

X of Charge Sum of Squares = (74.58)2 + (S1.60)2 + (75.29)2 - CF 
= 17889.3205 - 2976.58 
= 2981.55 - 2976.58 
= 4.97 

6 



TABLE NO. 

SILVeR PTATE FORMATION STUDY 

THIRD FACTORIAL EXPERIMENT 

CALCULATIONS OF VARIANCE FOR EACH 

SILVER DENSXTY 

Variance = > X i  - &xi12 
n 

Variance, Density 70 = 1100.42 - 6582.08 
5 1100.42 - 1097.01 
= 3.41; x = 13.52 

6 

Variance, Density 75 = 1023.52 - 61113.68 
6 

= 1023.52 - 1018.95 
= 4.57; = 11.67 

Variance, Density 80 = 870.03 - 5205.62 
6 

5: 870.03 - 867.60 
= 2.43; E =  12.03 



i 

TABLE NO. ;zv * 

SILVER PLATE FORMATION STUDY 

THIRD FACTORIAL EXPERIMENT 

CALCULATIONS OF VARIANCE FOR EACH 

PER CENT OF CHARGE 

Variance = EX12 - ( u ( i ) 2  
n 
(74 .58 )  

Variance, 120% Charge = 931.76 - (5562.18)  
6 

931.76 - 927.03 

= 4.73;  z =  12.43 

Variance, 140% Charge = 1114.07 - J 8 1 , 6 0 ) 2  
6 

= 1114.07 - 6658.66 1114.07 - 1109.76 

= 4.31; X = 13.60 
6 - 

Variance, 160% Charge = 948.12 - (75 .  2912 
6 

= 948.15 - (75 .  29)2 
6 

= 948.15 - 5668.58 
6 

I 
I 
I 

= 948.15 - 944.76 

= 3.39; E = 12.54 
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